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ABSTRACT

This final technical report describes the development of a new high-speed :f.‘\-"‘
Ing.53Gag.47As/InP Schottky barrier photodetector operating in the infrared NN
regime for millimeter-wave optical fiber communications supported by US Air
Force RADC under contract No. F30602-81-C-@202 subcontracted through the
University of South Florida.

The objective of this research program is to develop a high-speed long
wavelength (1.30-1.55 um) Ine.53Gag.47As/InP Schottky barrier photodetector
capable of detecting the optical signals up to 20 GHz for millimeter-wave fiber

optical links. For this purpose we have developed a novel high-speed

o R m e g g v/l Ll of G BE SRl el ad 2r A S asntenn i

Ing 53Gap 47As/InP Schottky barrier photodiode using Au/pt-n-InGaAs/n*-Inp and
Au/p~InGahs/p*~InP structure. The results show that Au/p—InGaAS/p+~InP Schottky
barrier photodiode is a promising candidate for high freguency and high-speed
photodetector applications, while Au/p*-n-InGaAs/n*’—InP Schottky barrier
photodiode needs more study to obtain a good reproducibility of the barrier
height enhancement in spite of its promising potential.

The Au/p-InGaAs/p*-InP Schottky barrier photodiode has a responsivity of
0.43 A/W and a quantum efficiency of 40.5 % at 1.3 um without antireflection
coating. The impulse response measurement on this photodiode yields a risetime
of 85 ps and an FWHM of 490 ps. However, the measured RC time constant is 34.7

ps, which corresponds to a cutoff frequency of 28.8 GHz. Therefore, it is

obvious that the response speed of our photodiodes can be further improved by
optimizing the device parameters and minimizing the packaging parasitics. The
response speed can also be increased by fabricating our photodetectors on the
semi-insulating substrate. Packaging optimization and fabrication of new InGaAs
Schottky barrier photodiodes on semi-insulating InP substrates are the two main

tasks to be carried out in the renewal contract for the coming year.
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CHAPTER ONE NN

INTRODUCTION N

1.1. Development of A Bigh-Speed Photodetector %:'\

The main objective of this research project is to develop a high-speed E”{::f\
photodetector capable of demodulating the optical signals greater than 2@ GHz N s I
for millimeter-wave optical fiber links. The high bit-rate fiber optic systems \::fr ‘
for long distance lightwave communication require the development of high-speed, ;5}:5:
high efficiency, and low noise photodetectors operating in the infrared regime, :i..:* !
especially close to the dispersion minimum of the optical fibers [1-5]. The .:"\.
high-speed photodiodes have been fabricated mainly on GaAs using a Schottky :E::E.'
ot

barrier structure for 2.80-0.9¢ um and on Ing 53Gag 47As using a p-i-n structure :‘,’:'2:
for 1.30-1.65 um. The Schottky barrier photodiodes have many advantages such as r_\_._.'_.
simplicity of fabrication, reliability, absence of high-temperature diffusion E_E:-;
processes which can degrade the carrier lifetime, and high response speed. For %E?:?_

this purpose a high-speed Ing 53Gag 47As Schottky barrier photodiode for 1.30 -
1.65 um detection has been developed in this research project.

Figure 1.1. shows the block diagram of the millimeter-wave optical fiber
links using an electro-optic modulator (EOM). The promising candidates are GaAs
Schottky barrier [6-9], AlGaAs/GaAs or GaAs p-i-n [10,11], In,Ga;_,As p-i-n
(12-17], In,Ga,_y,As Schottky barrier [18-21], avalanche photodiode [22-25], and
photoconductive detector [26-33]. The InGaAs/InP material systems have shown a
great potential for use as high-speed optoelectronic device materials because of
their extremely high electron mobility, high saturation velocity, and good
lattice~match with InP [34-36]. The Ing 5yGap 47As is one of the most promising

materials for the long wavelength photodetector applications because its bandgap

can be tailored to the wavelength of 8.,95-1.65 um,., To take advantage of these :_\'_::
NN

excellent physical properties, the parasitic RC components and the high power .""‘;
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consumption in parasitic resistances should be reduced and hence a low specific
contact resistance is required for the photodiode applications. To develop a
high-speed photodetector for millimeter-wave optical fiber communications, the
Schottky barrier structure has been chosen.

Unfortunately, the Schottky barrier contacts on n-Ing 53Gag 47As yield low
barrier height (§p, = 0.2-0.3 ev) [37,38], which makes Schottky contacts too

leaky to be useful for photodetector applications. Therefore, the effective

barrier height needs to be increased to overcome the problem associated with the

low Schottky barrier height. In order to reduce the dark current of the
photodetector the barrier height enhancement is needed for such applications.
Schottky barrier contacts on a moderately doped p-Ing 53Gay 47As epilayer are
expected to yield a good barrier height (qu = 0.55 eV) when a suitable metal
and good surface preparation are obtained [39,40].

In this research program, high-speed Au/p+-n-In@.53Ga@.47As/n+—InP and
Au/p-In@_53Ga@.47As/p+-InP Schottky barrier photodiodes have been developed.
The design goal of the high-speed photodetectors is shown in Table 1.1. The
test results of our photodetectors have shown that a Au/p-InGaAs/p -InP Schottky
barrier photodiode can be a very promising candidate for high frequency and
high-speed detector applications. In order to familiarize with the state of the
art in photodetector development, a summary of the literature survey on the
high-speed photodetectors is given in Table 1.2.

1.2. Synopsis of Chapters

This final technical report covers research activities on the development
of a novel high-speed In,Ga;_,As/InP Schottky barrier photodiode fabricated on
InP conductive substrate for millimeter wave optical fiber links. In chapter
2, a theoretical analysis of the photodiode parameters relating to the general

requirements of photodetectors is reviewed. For device characterization the

microstrip transmission line, on which the photodetector is mounted, has been
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designed and fabricated on a Cr-Au metalized alumina substrate,

In Chapter 3, Schottky barrier and ohmic contact formation on III-V
compound semiconductors such as GaAs, In,Ga;_,As, and InP is discussed.
In Chapter 4, Au/p+-n-In0.53Gal_xAs/n*-InP Schottky barrier photodiode operating
in the infrared regime is depicted. 1In Chapter 5, a picosecond response Au/p-
In0.53Gal_xAs/p+—InP Schottky barrier photodiode for the infrared detection is
described. Summary and conclusions are presented in .apter €. In addition,
subjects for further study are recommended, which include (1) packaging
optimization, (2) fabrication of photodiode on semi-insulatin: sucstrate, (3)
photoreceiver module for monolithic optoelectronic intecrezion, ana (4) high
gain and low noise avalanche photodiode with a quantum—wel. structare. In the
appendixes, the device fabrication, Schottky barr:ier anc chmic contact
formation, lift-off photolithography, and chemical etching procedures including

mesa etch and metal etch are depicted.

Table 1.1 DESIGN REQUIREMENTS POR A HIGH-SPEFD PHOTODETECTOR

Millimeter-Wave Frequency 20-27 GHz

Modulation Bandwidth

16 % of Center Freguency

! Input/Output Power Level

@ dBm

Input/Output Impedance

50 ohm

Input Signal Type

Analog Signal

Optical Source Laser Diode

Quantum Efficiency 50 % )

Optical Fiber Type Single-mode ;{;
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Table 1.2. Development of High-Speed Photodetectors :;.-»"\\g:-
AR
o
Device Type Speed/Efficiency Characteristics Institute References N
"-:\-I“.c'
GaAs f = 20 GHz(16 ps FWHM) High-Speed Hewlett APL 42(2) :}:i::,
Schottky n =230 % at .60 um Low Efficiency Packard pp. 19¢ RUAESS
Barrier n=25%at .85 um Vertical Mesa Lab. Jan. 1983 Wad
Photodiode R = 0.15 A/W at .60 um Low Dark Current T
R = 2.17 é/w atZG.BS um IEEE IEDM NEAENES
Ip= 6x107" A/cm® at Vp=5V pp. 712 DRERN
Dec. 1984 Sl
GaAs f =100 GHz (5.4 ps FWHM) Ultra High-Speed Hewlett Elec.Lett.
Schottky Minimum Parasitic Packard 19(14)
Barrier Capacitance Lab. pp. 554
Photodiode Planar Mesa 1983
GaAs f = 18 GHz High-Speed Hughes APL 45(3)
Schottky n =70 % at 0.63 um Low Efficiency Research pp. 195
Barrier n =35 % at ©.83 um Lab. Aug. 1984
Photodiode
InGaAs/Inp 35 ps Risetime High-Speed TRW/Electro Elec.lett.
PIN n =90 % at 1.30 um High Efficiency Optic 20(5)
Photodiode n=283% at 1.55 um Low Dark Current Research pp. 198
Center Mar. 1984
InGaAs/Inp n = 78 % at 1.0-1.6 um High Efficiency Japan Conf. Solid
PIN R = 0.82 A/W at 1.3 um Low Dark Current State D&M
pp. 579
1984
InGaAs 6¢ ps Risetime Low Dark Current AT & T IEEE XE
PIN n=35%at 1.30 um Low Capacitance Bell Lab. 17(2)
Photodiode n=25% St 1.55 um pp. 227
In= 2x1077 A Feb. 1981
InGaAs/InP f = 22 GHz Back-Illuminated AT & T Tech. Dig.
PIN Structure Rell Lab. TMPEO ThA3
Photodiode Mar. 1985
GaAs f = 20 GHz (19 ps FWHM) High-Speed MIT APL 46(2)
PIN Planar Structure Lincoln pp. 191
Photodiode Lab. Jan. 1985
AlGaAs/GaAs f = 2.5 to 20 GHz High-Speed Ortel Corp. APL 43(3) -
PIN n==65%at 0.84 um High Efficiency & CALTEC pp. 261 . X
Photodiode R = 0.45 A/W ©.84 um Aug. 1983 NN
Y
GalnAs 15 ps Risetime High-Speed TUA Elec. Lett. ::“}::;
Schottky n =19 % at 1.27 um GERMANY 21(5) .
Photodiode pp. 180
1985 A
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CHAPTER TWO
THEORETICAL ANALYSIS OF PHOTODETECTOR PARAMETERS
2.1. General Requirements for A Photodetector
The general requirements for a high-speed photodetector include (1) high

quantum efficiency, (2) low dark current, (3) low capacitance and resistance
(for high-speed and low noise), and (4) low excess noise (especially for
avalanche photodiode). These requirements for photodetectors are tied to the
particular material requirements which include [12]:

(1) Energy bandgap, preferably a direct bandgap with a high absorption
coefficient, should be smaller than the photon energy to be detected.

(2) Direct energy bandgap material must be used so that optical radiation
can be absorbed in a short distance to minimize transit time effects
for high response speed.

(3) High-quality low-defect density and high-purity (especially for long
wavelength photodetector) material must be used so that Zener-
tunneling and dark current can be minimized.

(4) The material must be doped properly so that the depletion layer width,
which is a trade-off between high-speed and high quantum efficiency,
can be optimized.

(5) The epilayer material should be lattice-matched to the substrate
material for a long wavelength photodetector.

2.2. Spectral Response
For short wavelength (0.50-0.85 um) detection, photons are absorbed near
the semiconductor surface. The photogenerated excess carriers are separated in
the depletion region close to the surface of a photodiode. It is advantageous
to use a metal-semiconductor Schottky barrier structure with a thin semi~-

transparent metal film. In this detection mode an extremely high response speed
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and high quantum efficiency can be obtained, if the depletion region is small
and comparable to the light penetration depth. For long wavelength (@.95-1.65
um) detection, light penetrates deeply into the material. Therefore, a high
quantum efficiency requires the material with a wide depletion layer width.
For these photodiodes a trade-off exists between a quantum efficiency and a
response speed.

The external quantum efficiency of a Schottky barrier photodiode is
determined mainly by the transmission loss in the metal film and the reflection
loss at the metal-semiconductor interface as well as the recombination loss in
the diode. To reduce the reflection loss an AR coating is usually incorporated
in the photodiode fabrication. This can be achieved by depositing a thin
dielectric film such as Ta,05,5i0, or Si3N, with its thickness equal to the
quarter wavelength of the incident radiation at the selected wavelength. The

thickness of a single layer AR coating film is given by [41]:
dy=(rs/4 nl)tan—l[2nlks/(n12-nsz-k52)] (2.1)

where )b is the wavelength of a selected incident light, n; the index of

refraction of the dielectric film, and n_ the complex index of refraction of the

s
semiconductor. In the case of a weakly or nonabsorbing substrate, Eg.(2.1) can
be reduced to the well-known quarter wavelength design formula, i.e., d; =
>E>/4n1.
2.3. Response Speed

The response speed of a photodetector can be determined primarily by three
parameters: the drift time in the depletion region, the diffusion time in the
guasi-neutral region, and the RC time constant reguired to discharge the
junction capacitance (Cd) through a combination of internal and external

resistances. The total risetime of a photodiode, which is defined as the

response time from 12 % to 99 % of a pulse height, is essentially equal to the
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largest of the three. The total risetime can be expressed by:
2+ £ 012 (2.2)

where teer tgjggr and tpe are transit time, diffusion time, and RC time
constant, respectively. We can relate the risetime (tr) to the cutoff

frequency (f.) by [5]:
t, = 0.35/f (2.3)

where the cutoff frequency, f. is often regarded as the bandwidth of the system.
For high speed operation, the carriers are being excited within the depletion
region of the junction or close to the junction so that diffusion time is
shorter than or at least comparable to carrier drift time and the carriers are
collected across the junction at scattering limited velocity (VsatL

The optimum depletion width is a trade-off between the fast transit time
requiring a narrow depletion region and the combination of quantum efficiency
and low capacitance which requires a wide depletion region. The depletion region
width is chosen so that the transit time is of the order of one-half the
modulation period (i.e., half-power frequency roll-off due to RC time and
transit time is comparable).
2.3.1. Drift time

When the carriers are injected from the highly doped contact region or
generated in the depletion region, they transverse across the depletion region,
The carrier drift (transit) time across the depletion region is given by ty, =
wW/2.8 Vg [32], where Vg is the saturation drift velocity of the carriers, and W
is the depletion region width. For high mobility materials, this transit time

is limited by the saturated drift velocity.
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2.3.2. Diffusion time ?\$\{
N

The carriers which are generated within the highly doped contact region or o~

I *
I' ~ .

in the quasi-neutral region will diffuse to the drift region. This carrier b::
-:_f W4l

diffusion will result in a time delay of the carriers reaching the drift region. K; “
[J L P

The frequency response for diffusion time is given by tgy;¢¢ = sz/(ZA3 D,), if '
oL,
the thickness of the highly doped p+ region (Wp) is less than the carrier A

diffusion length (L,) [42].
2.3.3. RC time constant

Assuming that the drift time and the diffusion time can be greatly reduced
by optimizing the device configuration, the response speed is mainly determined
by the depletion capacitance (Cy), the series resistance (Rg), and the load
resistance (Rp). The shunt resistance (R;) is generally very high but is
included to account for the relatively low leakage resistance of the photodiode.
Therefore, the response speed can be estimated from the RC time constant. The

resulting RC time constant is given by :
tpe = (Rg + Rp)Cy4 (2.4)
The cutoff frequency is given by:

f. = l/[ZK(RS+RL)Cd] for (Rg*R)/R; << 1 (2.5)

It should be noted that practical detection systems usually have lower

cutoff frequency because of the finite load resistance, the parasitic .j:;'

capacitance and the load inductance of the photodiode. For high speed :ff}ﬂ
RN
operation, the series resistance should be small (usually less than 1@ ohm for a rr'g
..f;-' ‘..
well-designed diode) and the load resistance should be low (usually 5@ ohm). The MAON
N -~
-.‘.u-'-
load resistance may be reduced in a high-speed circuit. However, it should be AN
e
as high as possible for a low-noise detection circuit. Therefore, the ,:,9
RN
depletion capacitance should be minimized. e
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2.4. Dark Current

The dark current depends strongly on the barrier height of a Schottky

.
MQ

barrier photodiode. The dark current depends also strongly on diode material, :':::
AN

geometry, and surface passivation. The use of In,Ga;_,As/InP heterostructure M

ot

and surface passivation could reduce the dark current of a photodiode. The
reduction of dark current is important for the improvement of the minimum
detectable power.

The dark current of a Schottky barrier photodiode consists of thermionic-
emission current, generation-recombination current via traps in the depletion
region, tunneling current due to carriers tunneling across the bandgap, and
surface leakage current or interface current due to traps at the metal-
semiconductor interface. Tunneling current can be neglected for low impurity

017 cm_3). Surface leakage current is not a

doping concentration {less than 1
fundamental device characteristic and,in most cases,can be eliminated by careful

processing and passivation techniques. The total current consists of thermionic-

SRR

emission current over the Schottky barrier and the generation-recombination

A AP SR

current in the depletion region.

” ."l .l Y

2.4.1. Thermionic-emission Current
The dark current in the forward bias direction of a Schottky barrier diode
is determined mainly by thermionic-emission of majority carriers from the

semiconductor into the metal for doping levels less than 1017 cm-3.

Iip= SA*TZexp[-q(q'Bn)/kT][exp(qV/nkT)- 1] (2.6)

The effective barrier height, Q'Bn = @pn - ¥ can be determined from the
measured value of the saturation current.
2.4.2. Generation-Recombination Current

At zero bias,the depletion region of the Schottky barrier is in thermal
equilibrium and the rate of electron-hole pair generation is balanced by the

19
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rate of recombination. In the presence of an applied voltage, there will be a
net generation or recombination current depending on the polarity of the bias.
The generation-recombination current through the midgap traps in the depletion

region, which is dominant at low voltage, is given by:
Igr = gn; AW/t ¢¢lexp(qV/2kT) - 1] (2.7)

where ¢t c¢ = (tntp)l/2 is the effective carrier lifetime in the depletion
region. This current is added to the thermionic-emission current and may
cause deviations from ideal behavior in a Schottky barrier diode. Note that the
current is a generation current when the junction is reverse biased, and is a
recombination current when the junction is forward biased. The total current

can be expressed by:

Iot = Ipnslexp(qv/kT) = 1] + Igrs[exp(qv/ZkT) - 1] (2.8)

The ratio of thermionic-emission current to generation-recombination current
increases with a bias voltage, energy-gap, effective carrier lifetime, and
temperature and decreases with the barrier height. The recombination current is
important in high barrier, in low lifetime material, at low temperature, and at
low forward bias voltage [43,44].
2.4.3. Tunneling Current

Tunneling current, either band-to-band or via deep-level traps dominates
the dark current at high voltage (and then low capacitance), resulting in the
soft breakdown characteristics. For heavily doped semiconductors the dominant
process changes from thermionic-field emission to field emission and the contact
states to behave like an ohmic contact with a sufficiently small contact
resistance. In addition, the exponenti~l dependence of the current changes

from qV/kT to gV/E,, [45].
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J = Jsexp{qv/[Eoocoth(Eoo/kT)]} {2.9)
Eoo = (gh/2) (Np/m eg)l/? (2.10)
= 1.85x107 14 (Np/m €)1/ C(2.11)

where m" (= m.m,) is the effective mass of electron and €g (= eoer) is
permittivity of the semiconductor. E,o 1S a very useful parameter in
predicting the relative importance of thermionic-emission or tunneling. For
Eoo/kT << 1, the thermionic-emission process dominates and the contact behaves
as a Schottky barrier. For Eoo/kT >> 1, field emission dominates and the
contact exhibits ohmic characteristics. For E  /kT = 1, a mixed mode of
transport occurs.
2.5. D.C. Parameters

The total capacitance of a packaged Schottky barrier photodiode is given

by Cp = Cj + Cy + Cp, where C. is the metal-semiconductor junction capacitance,

J

Co is the overlay capacitance across the dielectric passivation layer, and Cp

is the package parasitic capacitance. The overlay and package parasitic
capacitance should be minimized.
2.5.1. Junction Capacitance

The junction capacitance is simply given by the one-sided abrupt junction
analysis. Measurements of junction capacitance can be used for determining the
background shallow impurity profile of a Schottky barrier diode or a one-sided

abrupt junction diode. The background dopant density is given by:

Ng = (2/qe,eA%)[d(Vy + Vp)/dcy™) (2.12)

0
I

= Alge e Np/2(vy =~ V)11/2 (2.13)

where Ny is the dopant density of the light-doped side. The diffusion potential
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Vp of a Schottky barrier diode is determined from the intercept of Cj'z vs. Vg

curve, and the barrier height of a Schottky diode can be calculated
%n = Vp * (KT/Q)In(N./Np) (2.14)

2.5.2. Overlay Capacitance

The capacitance due to the metal contact overlaying the passivating
dielectric layer in a Schottky barrier diode may be important. Assuming
negligible space-charge penetration (a realistic assumption for Si0, on the

semiconductor), the overlay capacitance is given by:
Co = €5€LA/W, (2.15)

where W, is the thickness of the dielectric layer, and A [=2(Ri + ) ] is the
area of the dielectric layer. This parasitic capacitance must be kept to a
minimum particularly at X-band frequency or higher. Overlay contacts are not
generally used above 40 GHz frequencies because they degrade the overall
performance of a diode [45]. Figure 2.1. shows the different values of the
overlay capacitance for different values of Fir & » ana h_. The thizx
dielectric layer (e.g., 2 um) can substantially reduce the overlay capacitance
of a Schottky barrier diode.
2.5.3., Series Resistance

The series resistance is due mainly to the resistance of the semiconductor
substrate and the undepleted epilayer. The series resistance in the epitaxial

layer and the semiconducting substrate is distributed depending on the contact

geometry and frequency dependent. The resistance of an epilayer is given by:
Rgy) = 2W/qQu NpA (2.16)

where W is the thickness of the epilayer, and Ny is the donor density of the

epitaxial or active layer. The resistance contributed by the substrate may be
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modeled by using the resistance of a contact dot on a semi-infinite

semiconductor substrate.
Rgy = 2f,(a/T0)1/2 (2.17)

where f; is the substrate resistivity. The total series resistance shown in
Fig.2.2. consists of Rgy due to the epilayer and Ry, due to the semiconductor
substrate.

2.6. Noise-Equivalent Power (NEP)

The minimum detectable optical power of a photodiode is limited by its
noise performance. The noise generated in a photodiode operating under reverse
bias condition is a combination of shot noise, 1/f noise (or flicker noise), and
the thermal noise (or Johnson noise). The shot noise is due to the

photogenerated currents of the signal, background illumination, and the reverse-

bias dark current. The thermal noise arises from a random motion of the
carriers within any resistive materials including semiconductors, and is always
associated with a dissipative mechanism. The flicker noise {or 1/f noise) has a
current-dependent power spectrum which is inversely proportional to the
frequency existing in all devices when a current flows.

At low frequency 1/f noise dominates, and at intermediate frequency the
generation~recombination noise dominates. At high frequency, the infrared
photodetectors exhibit a white (frequency independent) noise which includes
thermal, generation-recombination, and shot noise. The transition points vary
with semiconductor material, doping, and processing technology. However, for
infrared detectors, these transition frequencies are roughly at 1 KHz and 1 MHz,
respectively. In the wavelength region of interest for optical communication,
the detection is limited either by thermal or shot noise. The effect of noise
on signal transmission is measured by the signal-to-noise ratio (SNR) for analog

signals. The signal-to-noise ratio (SNR) is the signal power at an output of the
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e

detection circuit divided by the average noise power.

SNR = (1/2)ig%Rg¢/in*Rogs (2.18)

2

where i © is the sum of the square of all noise source currents.

T2 _7T 2 T2 ,.T2,% 2
% = 1%+ 1% + 15° + iy (2.19)

and Es is the signal noise current amplitude obtained from a sinusoidally
modulated optical signal, Ts = (qq?xPL/hv), where P; is the average optical
signal power, which is assumed to be 120 % intensity modulated. Therefore, SNR
is given by [5]:
(1/2)(nga Py /hv)?
SNR = === mmm e e (2.20)

The optical power P; which generates a signal amplitude equal to the noise
amplitude ( i.e., SNR = 1 )} at the output is called the minimum detectable power

Prin’ which is given by:

Prnin = \2hY/an) (Af)l/z((Af)1/2+(Af+(IB+ID)/q+(2kTF/q2Reff))1/2)

(2.21)

The noise-equivalent power is obtained by dividing Prin by (Af)l/z:

NEP = (2hP/an) ((a£)/ 24 (AE+(15+1p)/at (2KTF/G2R,£¢))1/2) (2.22)

The noise due to the background illumination can be neglected because it
can be made vanishingly small in optical fiber communication circuits. Figure
2.3. shows the theoretical calculation of NEP vs. effective resistance, Reggr
with a parameter of a dark current for the photodetectors.

2.7. Device Packaging
The photodetector should be packaged to protect them from mechanical or

other possible damages and to allow their incorporation into electrical and
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optical circuits. However, packaging introduces additional parasitic effects and
may attenuate or distort beth electrical and optical signals, if not properly
designed. The package size determines the parasitic impedance added to the diode
impedance, predominantly the lead inductance and package capacitance. For low
noise and large bandwidth,the capacitance should be extremely small. Therefore,
small packages are preferable for low noise-equivalent power and high modulation
frequency of photodiodes for optical fiber communications.

In packaging a specially designed photodetector for optical fiber
communications, a fiber with a relatively large numerical aperature and diameter
is positioned close to the top contact above the illumination window of the
diode. This kind of peckage allcws the maximum quantum efficiency at minimum
background illumination obtainable for a fiber-diode connection. Electrical
contact to a photodiode 1s most easily achieved by soldering the wireleads or
bonds intoc the electrical circuit. If a microstrip line is used, parasitic
capacitance can be reduced. To allow a demountable connection to a commercial
56 ohm amplifier, the photodiode should be incorporated into a miniature coaxial
cable. The latter approach may limit the system performance because of the low
input impedance (thermal noise). A variety of packages for MIC applications
which satisfy these reguirements are shown in Fig.2.4. Their characteristics
are summarized in Table 2.1.

2.7.1. Microstrip Line Parameters

Microstrip transmission lines have been extensively used for microwave and
millimeter-wave hybrid integrated circuits. Microwave integrated circuits (MIC)
can be made in monolithic or hybrid form. However, monolithic technology is not
well suited to MIC because the processing difficulties, low yields, and poor
performance have seriously limited their applications. The hybrid technology is
used almost exclusively for MIC in the frequency range of 1 to 15 GHz. The
passive lumped elements can be fabricated on the same substrate and chip or
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beam-lead active devices can be bonded directly to the strips.

The parameter analysis of microstrip lines can be obtained by numerical

LAY
T
approximations such as conformal mapping method, variational method, or HE;?
s
relaxation method if the transverse electro-magnetic (TEM) mode is assumed to be :f::.
oy
o
dominant. The electrical parameters are characterized by characteristic b
4
impedance, attenuation factor, and wavelength. The microstrip width can be A
ROy
calculated iteratively for a required line impedance using the substrate Bt
dielectric constant and thickness. The operation frequency is then used to o
obtain the guide wavelength and phase velocity. The conductor loss and _25
dielectric loss [46-48] can be calculated using the substrate dissipation factor ff;
and metallization resistivity and thickness. The microstrip lines are assumed tc e
be propagated in only quasi-TEM mode or can be approximated as such at the
operating frequency. Therefore, the operating frequency must be lower than the
cutoff frequency f. of the lowest transverse electric surface wave.
£, = 75/H(C,~1)}/2  (GHz) (2.23) -
where H is the substrate thickness (mm). The relative magnetic permeability of k;;:
the substrate Pr should equal the unity. The characteristic impedance to et
determine the width of microstrip lines is given by [39]: For W/H < 1, ,:;f
.. -
Zo= 1/2R (po/€ors€s) Y/ An(u/m + w/an) (2.24) I
".f
".._:_'J-\.
= 60/(€eff)l/21n(8H/w + W/4H) (2.25) SN
:‘:‘h ]
D
where p, = 4 x1¢~7 H/m and €, = 8.854x10™12 F/m and W,H are the width, thickness S
. W
of microstrip lines, respectively. The effective relative dielectric constant M:ti
N
. oW
€ofg for a microstrip line depends on the ratio W/H, the relative dielectric A
™
- \
constant €., and the geometrical factors of the boundary between air and Qﬁfﬁf
U )
dielectric substrate material. ST
.-\: ‘.'-‘:
RS
iy
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€ors = (€.+1)/2 + (€-1)/2 [(1+128/w) "1/ 240 .04 (1-w/8) 2] (2.26)

The zero thickness (t=0) formulas given above can be modified to consider the
thickness of the microstrip when W is replaced by an effective strip width W' as

follows (t<H and t<w/2). For W/H { /2
W =W+ (¢/R[1 + In(4n W/t)] (2.27)

The attenuation constant of the dominant microstrip mode depends on geometrical
factors, electrical properties of the substrate and conductor, and the
frequency. For a nonmagnetic dielectric substrate, the two sources of
dissipative loss in microstrip lines are conductor loss in the strip conductor
and ground plane and dielectric loss in the substrate. The sum of these two
losses may be expressed as losses per unit length in terms of an attenuation

factor, &. The ohmic loss O(C for W/H < 1 is given by:

o = (20R,/1n10)1-(W'/4H)2]/2T ZH[ 1+H/W'+H/T W' {1n (4T W/t)+t/W}]
(2.28)
where the surface resistivity Rg is given in terms of the free space

permeability Fo and the conductivity, g of the strip metal as

Rg = (Xfpy/ ¢ )12 (2.29)
The dielectric loss‘xd with loss tangent, tans is given by:
Xy = (26K/1n10) (€ /e ¢l ?) (€ ogp-1)/ (€ -1)tan s /2 (2.30)

where the loss tangent, txuSis the substrate dissipation factor. The
microstrip wavelength and phase velocity can be determined in terms of the

effective relative dielectric constant, €afge
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<
]

Cleggg)

29.980/(€og) /%€ (cm) (2.32)

2.7.2. Microstrip Line Design

The width of the microstrip transmission line can be calculated
iteratively for a required line impedance using the substrate dielectric
i constant and thickness [49]. The alumina substrate with a gold film coated on
both sides is commercially available. The design parameters and the structure
of a microstrip line are given in Table 2.2, and Fig.2.5., respectively.

Table 2.2. DESIGN PARAMETERS FOR MICROWAVE
TRANSMISSION STRIPLINE

Alumina (A1203) Substrate 1x1x@.025

Dielectric Constant € = 9.8

Substrate Thickness H = 0.225 "

Gold Film Thickness t =02.0002 "

Output Impedance Z = 50 ohm

Microstrip Line Width W = 0.02425 " f e

W/H Ratio W/H = 0.97 .E;EEE_
Effective Strip Width W' = 2.02478 ii?E?Z:

o~
e

2.8. Response Speed Measurement

The typical response speed measurement techniques for an impulse response

of the photodetector are (1) impulse response technique using a sampling scope

or a microwave spectrum analyzer [50], (2) sampling and cross-correlation E_,:::::_.::_\i
technique using two photodetectors [51], (3) optical heterodyne technique [52- :2:"’:3
54], and (4) electro-optical sampling technique [55]. Table 2.3. lists the test -‘:-\::?:3
equipments used for the measurement of the photodiode parameters. r,'{‘:

.:-'_\:
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2.8.1. Impulse Response

This method requires an optical source generating the ultrashort pulses
preferably shorter than the impulse response of the device under test. For
broadband characterization either a synchronously pumped mode-locked dye laser
or a diode laser driven by a comb generator (or a step~recovery diode) at an
operating wavelength is necessary. The schematic diagram for the impulse
response measurement is shown in Fig.2,6. The impulse response is measured by
either a sampling scope in a time domain or a microwave spectrum analyzer in a
frequency domain. The output pulse of the photodetector and sampler to the
narrow incident light pulses are shown in Fig. 2.7. Note that this response is
a convolution of the photodetector and the measurement system including the
sampling gate width, laser pulse width, pulse broadening due to the transmission
lines, and impulse response.
2.8.2. Sampling/Cross-Correlation

This technique is to make a cross-correlation of two identical optical
pulses by delaying one with respect to the other for measuring the duration of
picosecond optical pulses. 1In this case,the two photodetectors, one acting as a
sampling gate to sample the waveform of the other, are not necessary identical.
The detectors are connected in order that the device under test (DUT) launches a
waveform onto a transmission line by an incident short optical pulse and the
second detector is a sampling gate on the transmission line that is probed by
the same optical pulse with a variable delay time, The schematic diagram is
shown in Fig.2.8. The signal output from the second device is given by a
correlation of the signal from the first photodetector with the response of the
second photodetector with a delay time as is shown in Fig.2.9. Note that each
signal is a convolution of the impulse response of the device, the optical pulse

width, and the circuit effects such as the transmission line.
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2.8.3. Electro~Optical Sampling

This technique shown in Fig.2.10 requires a microstrip transmission line
deposited on a linear electro-optic crystal such as LiTaO3 and used as an active
element in a lithium tantalate traveling-wave Pockels cell amplitude light
modulator. A train of picosecond pulses from a modelocked dye laser is split
into two beams. One beam strikes the photodiode and launches a signal onto the
modulator transmission line. The other beam passes transversely through the
crystal and its intensity is modulated by the electric field under the
transmission line sampling the signal. By varying the relative delay between
the two beams, the waveform on the transmission line can be mapped out.

The voltage waveform on the transmission line is a convolution of the
photodiode response, the laser pulse response, dispersion in the transmission
line. The subsequent sampling is a cross-correlation of the laser pulse with
the voltage waveform. The operations of convolution and correlation are
associative and the sampler output is,therefore,equivalent to the convolution of
the photodiode impulse response with the auto-correlation of the laser pulse.
Since the auto~correlation of the laser pulse is independently measured, its
contribution can be deconvolved to extract the photodiode impulse response.
Then the equivalent time representation of the photodiode response is obtained.
The temporal resclution is determined by several factors; the sampling light
beam spot size, the optical transit time, and the laser pulse duration.

2.8.4. Optical Heterodyning

This technigue can characterize the bandwidth of a photodetector accurately
using two CW lasers. The limitation in the accuracy is the bandwidth of the
transmission line and the microwave spectrum analyzer. The simple system shown
in Fig.2.11 consists of two semiconductor diode lasers whose frequency 1is
temperature tuned and the combined beam is incident on the photodiode. Since

the photocurrent is proportional to the square of the electric field of the
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laser, the product of two laser fields at a different frequency will produce a
difference or beat frequency detected by a photodicde.
thermoelectric cooler/heater and feedback electronic circuit,

of the laser diode can be controlled to within a few tenths of a millidegree.

Table 2.3. HUIPMENTS FOR THE MEASUREMENT OF THE PHOTODIODE PARAMETERS

Parameter Measurement Equipment Maker/Model
Darkcurrent Curve Tracer Tektronix 576
Pico Ammeter HP 4140B
Capacitance C-V Plotter PAR M-410
C Meter/C-V Plotter HP 4280a
Multifrequency LCR Meter HP 4275A

Probe Station (9.7X-3.0X)

Bausch and Lomb

A.C. Admittance

Impedance Analyzer

HP 4191A

Spectral Response

He-Ne Laser (©.63 um)

Pulse Diode Laser (1.3@ um)
Power Meter 1

Power Meter 2

Chopper

Detector Probe
Monochromator

Pico Ammeter

Spectra Physics 120

Optics Tech. M-615

LaserPrec, RL-3610
Laser Prec.CTX-532

Laser Prec. RKP-360
Jarrell-Ash 82-41¢

Keithley M~480

Response Speed

Pulse Diode Laser (11@ ps)
Sampling Scope (25 ps)
Spectrum Analyzer

Step Recovery Diode (100 MHz)

0OSSM Connector
Coaxial Bias Tee

MicroStrip Line
Microwave test Fixture

Tektronix 7s-12/5-4
HP 85539A/853A

HP 33002B

Omni Spectra OSSM-40
PS Pulse Lab. 5575A
HP 8717B/HP 11612A

Noise

Noise Figure Meter

HP 8970A

With standard
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CHAPTER THREE
FORMATION OF SCHOTTKY BARRIER AND OHMIC CONTACT
ON III-V COMPOUND SEMICONDUCTORS

3.1. Introduction

The Schottky barrier contacts are used in many high-speed III-V compound
semiconductor electronic and optoelectronic devices such as MESFETs, MODFETs,
photodetectors, LEDs, and lasers. In@.53Gag.47As is most suitable for high
frequency optical fiber communications in the 1.30-1.55 um wavelength regime
because of its energy bandgap (i.e., 90.75 eV), high electron mobility, high
saturation velocity, and lattice-match to the InP substrate [35.36]. However,
the technology of InGaAs{P)/InP material and device systems is still in need
of considerable development. The main reason for this is due to the difficulty
of achieving a sufficiently high Schottky barrier necessary for the development
of a practical MESFET technology and the lack of a suitable dielectric
insulating layer with a low interface state density required for the development
of a practical MISFET technology.

Schottky barrier height enhancement is a promising compromise between the
MESFET's and MISFET's technology even though more study is needed to have a good
reproducibility. On the other hand, Schottky barrier contacts on a moderate
doped p-type InGaAs and InP can provide good barrier heights (i.e., QBP = 0.76
eV for InP and 2.55 eV for Ino.53Ga0.47As). For II1I-V compound semiconductors
the electrical properties of Schottky contacts depend strongly on the Fermi
level pinning, which results when metal is deposited on the semiconductor
surface [56]. The reproducibility and reliability for the ohmic contacts still
need to be developed although low ohmic contact resistance is essential for most
II1I-V compound semiconductor devices. New studies on the ohmic contacts have

been reported recently because of the needs for good ohmic contacts on III-V
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compound semiconductor devices and the availability of more sophisticated high

vacuum surface analytical instruments required to understand the metallurgical
properties of the ohmic contacts.

In this chapter the theory and fabrication of barrier—enﬁanced Schottky
diodes with different thicknesses of p+-1n0‘53Ga@.47As surface layer on the
n-Ing 53Gag 47As epilayers grown by MBE on nt-InP substrates are depicted. The
significance of this structure lies in its ability to increase the barrier
height and hence to reduce the large dark current commonly observed in the
n-Ing 53Ga, 47As Schottky barrier diodes. The metal/p-InGaAs/pt-InP as well as
metal/p-InP/pt-Inp Schottky barrier diodes also have been fabricated and
characterized in this research.

3.2. Schottky Barrier Height Enhancement

The barrier height of an ideal Schottky contact is determined primarily by
the diflerence of metal work function and electron affinity of the
semiconductor. However, for a practical Schottky diode the property of metal-
semiconductor interface such as interface trap density plays an importment role
in determining the effective barrier height of the Schottky contact, Since
there are only limited numbers of metals which are suitable for good Schottky
contact, the control of the Schottky barrier height is essential for specific
electronic circuit application. A low barrier height makes the Schottky contact
too leaky to be useful for MESFET and photodetector applications. Thus, the
effective barrier height needs to be increased in order to overcome the
problem associated with low Schottky barrier height.

Barrier height enhancement can be achieved by the use of (1) a thin
insulating layer (i.e., MIS Schottky diode) [57,58], (2) an oppositely doped
thin surface layer to that of an active layer (i.e., Barrier height-enhanced

Schottky diode) [59-62], and (3) Schottky contact on wide-bandgap materials
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such as InP or AlInAs (i.e., Heterojunction Schottky diode) [63-65]. Effective :'_?,;:
barrier height for a MIS Schottky barrier structure, which consists of a thin P::_:,: :
interfacial insulating layer between metal and semiconductor, can be increased ,.ZE::{'
and resulted in a low reverse leakage current. However, high interface state E‘_‘:;_w
density, oxide breakdown, and charge storage effects are some of the problems o
that need to be overcome in III-V semiconductor Schottky contacts [57,58]. E';’-_E
Schottky barrier enhancement is a promising technique for formation of a ;:‘:-::-
Schottky contact on InGaAs/InP material system, which employs a very thin p- \J\,\
Ing 53Gag 47As surface layer grown on the n-InGaAs epitaxial layer. E'?\..‘\

Schottky barrier contacts on n-Ing 53Gag 47As usually yield very low
barrier height (QBn = 0.2-8.3 eV), which makes Schottky contacts too leaky to be
useful for photodetector applications. The barrier height enhancement can be
achieved by depositing a thin p+—Ing.53Gag.47As layer on the n-Ing 53Gag 47As
epilayer as is shown in Fig.3.1. The effective barrier height can be increased
by band bending due to the space charge in the p+-In0.53Ga®_47As surface layer
provided that the dopant density and the thickness of the surface layer are
selected to an optimum value and the layer is fully depleted at thermal
equilibrium. The thickness and the dopant density of p+—Ing.53Ga®.47As layer

can be related to the effective barrier height, §'p, by:
= 2
Sen = Waxp /2€o€r (3.1)

The enhanced barrier potential will reach a maximum value at x = Xp inside

the p+-In@.53Gae.47As surface layer provided that NAWp >> NpW..

Xp = (1/Np) (NpW, = Npp) - and By = (Q/€,€.) (NyW,, = NpWp) (3.2)

The effective barrier height ¢'Bn obtained at x = x_ is given by

Q'Bn = §pn * EpXp - qNAxmz/Zeoer (3.3)
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By substituting Eq.(3.2) into Eq.(3.3) the effective Schottky barrier height can falad
be obtained. A
p }F::.'\
! .Ex:\
- - 2 A
Pen = ¥sn t (9/26,6 NN (NpW, = NpW) (3.4) e
LAY
; For N, >> Ny and NaWp >> NpWp, the barrier height enhancement of a metal-p-n ?%?*:
! Schottky barrier diode, A%y, due to the p surface layer may be simplified to :
3
1
- 2
Agp, = QNAW "/2€,€, (3.5) o
AN
It can be shown that Eq.(3.5) holds only for A%y, >> VpN,/N,. Note that N, '5:?;:
t'{I-'.
and N denote the dopant density of the pt- and n-Ing 53Gag 47As layers, 335;3
respectively. Wp is the thickness of the p+_1n®.53Ga®.47As layer, and Vp is the ,’::S?
built-in potential of the p'-n junction. Therefore, the effective barrier O

height will increase as the product N,W, increases. The thickness and dopant

o "
density of the p+-Ing 53Gag 47AS surface layer should be determined in order to ____?

. " \‘-\:D
: satisfy the condition of Ay, >> VpNy/N,.  The depletion layer width of the n- ;:itj
. AN
: InGaAs epilayer is given by :::::
- ROALL
®

- 2 2 _ _ 1/2 WA

Wy = = Wy + WS+ (Ny/NpWT + 26,8, (8 = $y = V)/QNp] (3.6) j_’;:_::.

N
::\::‘-:-.
where §, = Xg + (KT/g)1n(N./Np) (3.7) :;:E=:
Mt
®

The effective barrier height for the proposed photodetector can be tailored R,
. to its optimum value via properly selected thickness and dopant density of the
surface layer. Theoretically the effective barrier height egual to the bandgap

energy of Ing 53Gag 49As can be achieved by the proposed structure. Figure 3.2.

shows the effective barrier height vs. dopant density as a function of the

thickness of p+-1n0 53Gag 47AS surface layer. Figure 3.3. shows the theoretical
saturation current density of the Schottky barrier diode on n-InGaAs. The

effective barrier height @'p, of the Schottky barrier diode can be determined.
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85, Y = (KT/Q)In(a"T%/3,) (3.8)
8'pn" Y = Vp + (KT/q)In(Na/Np) (3.9)
8'pn T = -kTln(J/A™1?) (3.10)
$'5, 1 F = hv = kT(3/A"T?) (3.11)

where A" (= 41[qm*k2/h3) is the effective Richardson constant for the
thermionic-emission neglecting the effects of optical phonon scattering, quantum
mechanical reflection, and tunneling of carriers at the metal-semiconductor
interface, and Jg is the reverse saturation current density.
3.3. Ohmic Contact Formation

A practical way to obtain low resistance ohmic contacts [66-69] is to
increase the dopant density near the metal-semiconductor interface (N > 1919
cm°3) so that the depletion layer caused by Schottky barrier becomes very thin
and the current transport through the barrier is enhanced by tunneling. Nearly
all methods of making ohmic contacts depend on depositing a thin layer of metal
alloy on a relatively oxide-free clean semiconductor surface and on heat
treatment during or after deposition in vacuum or in an inert atmosphere.
Generally, it is preferred that the metal deposited on semiconductor should be
heat treated at a temperature higher than the alloying temperature because a
heavily doped contact layer is often formed between metal and semiconductor
during the cooling cycle.

The selection of metals for ohmic contact to a particular III-V compound
semiconductor depends on several factors [45,67]. The primary factor is that
the metal used for contact should be such an element that it can be acted as a

dopant to the semiconductor so that a heavily doped surface layer can be formed.

For example, the possible materials are Si, Ge, Sn, Se, or Te for contacts on n-

42

NN NI AN

*1' x l, a

' s

N
P¥as

LAPLOPRN | S Rl by

sy

27, i "-,"-,,"x
® 5".";\ 5

“
" ‘—
Ny

g R
AR
ey .

S

,-

“ o
O A - ’_'. . .‘
v-'g’../ . .- "1 ’: o "

[} , s
"‘l' ‘il'n 'l' 'I. s -‘.
PP Y

o

-

q
-.‘
1
1

".-l‘.-l‘.- PRy




type semiconductors and 2Zn, Cd, Be, or Mg for contacts on p-type semiconductors.
In addition to this factor, there are a number of other factors that need to be
considered before selecting a particular contact metal: (1) easy deposition, (2)
good adhesion, (3) low alloying temperature, (4) minimum interface reaction, (5)
minimum thermal mismatch, (6) no surface tension effects during alloying, (7)
good electrical and thermal behavior, and (8) adaptability to thermo-compression
or ultrasonic wire bonding. The most widely used metal for ohmic contact on III-
V compound semiconductors are Au, Ag, or In base alloys. The final factor for
choosing a particular metal system is the eutectic temperature of the alloy
metal (i.e., Au, Ag, or In) with the semiconductor and its correlation to the
temperature for which the semiconductor can be safely heated. After suitable
choice of contact metal, an appropriate technique has to be selected for
depositing the contact metal system onto the semiconductor surface. A number of
techniques, e.g., evaporation, sputtering, and electrolytic or electroless
plating in a chemical solution have been reported for this purpose.

The evaporation technique is by far the most widely used for the deposition
of contact metal systems on III-V compound semiconductors. Sputtering technique
has rarely been used for depositing the contact metal system on III-V compound
semiconductors because of low sputtering rates, surface damage, and difficulty
in accurate monitoring of the metal film thickness [45,67]. The electroless
plating technique has been frequently used for depositing overlayers of Au, Ni,
etc., on ohmic contacts as well as Schottky contacts. Such overlayers are
required for bonding thin wires with contact metal systems without any change in
the properties of the contacts. The wire bonding is usually carried out by

either the thermocompression or the ultrasonic bonding technique.

Finally, the requirement of a buffer layer (e.qg., n+—layer on n-type

semiconductor) between the contact metal system and semiconductor in order to
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ensure good chmic¢ contact can also be satisfied by using epitaxial techniqgue.

Recently, the molecular beam epitaxial (MBE) technique has been used for growing
such buffer layers. Ion implantation also promises to be a desirable alternative
to the epitaxial technique for obtaining submicron layers without introducing
any undesirable interface states. However, thermal annealing is usually
required after ion implantation to remove damages and crystal defects. The
annealing can be carried out by using thermal, laser, or electron beam
annealing. Therefore, it can be predicted that ion implantation (for producing
a buffer layer) followed by evaporation (for depositing the contact metal
system) may be a good combination method for making good reproducible ohmic
contacts on I1I-V compound semiconductors.
3.4. Device Fabrication

3.4.1. Schottky Gate Formation

The Au/p+—n-Ing.53Gag.47As/n+—InP and Au/p—In9_53Ga®.47As/p+—InP Schottky
barrier diodes have been fabricated as is shown in Fig.3.4. using a standard
lift-off process [70-73] in this research project. A lift-off photolithography
gives an excellent resolution available with positive photoresist and avoids
incompatability problem of many metal etchants with InP in a two-metal system
[45]. The p+—n-Ing.53Gag.47As epitaxial layers were grown on n'-InP substrates
by MBE technique. The thicknesses of the p+—Ing.53Gae_47As epilayer were chosen
to be 0.03 um ~ ©.15 um with corresponding dopant densities of 5.5x1016 -
9.0x1@17 cm'3, and the thickness of an n-Ing 53Gag 47As and pP~1Ing 53Gag 47As

epilayer with a dopant density of 3.0x1015 cn~3

is 1.5 um. A 100 R gold film
was deposited on the p+-Ing.53Gag.47As layer at a deposit rate of 2 R/sec and at
a pressure of 5.0x10~7 Torr for the transparent Schottky contact and Cr/Au

(60/1,000 R) was deposited for the bonding pad. The Cr provides contact

adhesion to the semiconductor and Au reduces the contact resistance and provides
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P*-1ng 53Gap a7 As

Schottky Barrier Contact
Bonding Pad (Cr/Au)
<——— Passivation (Polyimide)

n-Ing 53Gag 47As

Depleted Layer
f«— Active Layer

nt- InP

(Epilayer)

f*— Substrate

—h Ohmic Contact (Au-Ge)

Fig. 3.4. Structure of p -n-InGaAs/n’-InP Schottky Barrier Diode.
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a surface suitable for bonding or probing. Just before evaporation, a wet
chemical etching was performed to remove native oxides from surface of the
contact area. Wafers are dipped in buffered HF (HF:H,0 = 1:5) or etching
solution (NH40H:H202:H20 = 20:7:100).

For p-InP/pt-InP Schottky barrier diode shown in Fig.3.5. the (100)
oriented Zn-doped InP substrates with a dopant density of Ny = 5.0x1018 cm™3
were used. The p-InP epitaxial layer with doping concentration of N, = 1.0~
2.@xl®l7 em™3 was grown on p+—InP substrate by Vapor Phase Epitaxy. Aluminum
was used as the gate metal because of low resistivity and low work function.
The contact has a circular shape with a diameter of 200-80@ um, which gives a
contact area of 3.0x10™% to 5.0x107> cm?.

3.4.2. Ohmic Contact Formation

We investigated the properties of the ohmic contact using several metal
alloys at a different alloy temperature and alloy time to obtain the optimum
ohmic contact condition. For this purpose the test ohmic contact pattern was
fabricated as is shown Fig. 3.6. The optimum conditions are summarized in Table
3.1. The specific contact resistance was claculated for the vertical and the
planar structure as is shown in Fig.3.7. and Fig.3.8., respectively. The
specific contact resistance at a different alloy time is shown in Fig.3.9.

For the ohmic contact on n*-InP, Au-Ge (88-12 %) alloy (1,500 R) was
deposited and alloyed at 400 °c for 308 sec in Hy-N, (5-95 %) forming gas
ambient. Zn, Be, and Mg are usually incorporated in epitaxial InP layer as
acceptors for the chmic contact on p-InP. After cleaning wafer with TCE,
acetone, methanol, and D.I. water followed by blowing dry with N,, an ohmic
contact was formed on the back surface of the p+-InP substrate by depositing Au-
Zn (84%-16%) metal alloy (1502 8) in E-beam evaporator at a pressure of 7.0x10~7

Torr. The Au-Zn ohmic contact was annealed at 450 ©¢c for 2 min in Hy-N, (10%-

46
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Rg = pt/Wd = (0.0013) (0.038)/(200) (100) (10°%) = 0.248 [q)]

0.011 [Q)]

Re=1/2 (R4 Rg) = 1/2 (0.27 - 0.248)
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tW=12(R o =R gam ) = 12 Q)

Re=Rg, L

Rsc =(1.2) (200)/1= 240 [Q) assuming l.t =1 [um]

Thus,
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Specific Contact Resistance of Plapar Structure.

Fig. 3.8



B ' ..-..,...
e R
.l-llﬂiﬁ-n i v .-.I,() \-l--<
N .....f .Ah i .AJA\-QFA - % NPM-\P\P&#&R.\, .

. st ....-
H Pt et
ety w %
f.--(\ -- -.-- \.-\ ..-.

: R L)
iy A G : SR
.-.-f ..M.r....-. L ] .\...-\-L &7

Vo

P NUNE (I
.

K% SN LN A .-4 ..-...-.--v

A RS
- .nnﬁ. ' .- .nn .»a .I
A &2 N . o >

e | QR R P
Serta .....-.W- .T.zr.-.rf.'f

Au-Ge/Ni/Cr/Au

Ohmic Contact

425°C
450°C

—
¢

380°C
400°C
o
o
|
15

N

T

M =

] ] 1 |

Q
]

1
2.0

52

ALLOY TIME (min.)

1.0
Specific Contact Resistance at a Different Alloy Time

e o o ©
© 9o ¢ ™~

(wyo) 3IDONVLISISIH 1DVINOD

0.0
0.0

Fig. 3.9,




- .
PSR LR W

@ TN INIETTY
'/L"‘."KIL{J\ R

0 ‘0 ol uid ot ot AUR afhiath  ata'siaava’ahatana®atat gat da fa' gat gat it ol 4 8200 809 Satiaat 2ot a t g'a b tetiadiad g o gia Ao

90%) forming gas environment in alloy furnace. The adhesion of Zn on InP was
not always good, some peeling off occured Quring the lift-off process [73].
3.5. Experimental Results and Discussion

The current-voltage (I-V) characteristics of Au/p+—n—In®_53Ga®_47As/n+-InP
Schottky diode with a p-InGaAs layer of 1,500 and 500 ® thick show a large
reverse leakage current as is shown in Fig. 3.10. and Fig.3.1l., respectively.
The reason for the large leakage current may be attributed partly to the surface
leakage due to the poor surface morphology and partly to the existance of the
thin neutral region between the p~Schottky barrier and the p-n junction,
consisting of a Schottky barrier contact in series with a p~n junction diode due
to a thick surface layer. However, the leakage current was greatly reduced in
Schottky diodes with a p'-InGaAs layer of 300 R as is shown in Fig.3.12. The
reverse leakage current depends strongly on the thickness of the p+—
Ing 53Gay 47As surface layer. The reverse leakage current density is given by
5.0x10™3 A/cm2 at Vp =1 V. The effective barrier height of 0.52 eV is ob.ained
by using ¥ = 4.92 A/cmz/K2 for an electron effective mass of 0.941 m,. The
capacitance was found to be 0.3 pF at Vvp = 5 V for Schottky barrier diode with
a contact area of 2.0x10™° cm?. The effective barrier height, Q'Bnl'v = 0.52 eV
and Q.BnC—V = 0.58 eV is obtained, which indicates the barrier enhancement of
approximately 0.35 eV,

Most of the p—InP/p+-InP Schottky barrier diodes have a breakdown voltage
of 15-20 V as is shown Fig. 3.13. The junction capacitance is C = 0.18 pF at Vp
=@ Vand C = 0.16 pF at VR =5V for an Al/p—InP/p+—InP Schottky barrier diode

2

with a contact area of 5.0x19™3 cm? as is shown in Fig.3.14. The background

doping concentration determined from the slope of c=?

vs. Vg in Fig.3.15 is
1.4x1017 cm™3. The built-in potential is obtained from the intercept of C-Z,

i.e., V, = 0.65 eV. Thus, the barrier height for metal/p-InP/p'-Inp Schottky
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Current-Voltage (I-V) Characteristics for
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5x10°3 cm?

Schottky Barrier Diode

Au/p-inP/p*-InP

Area
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Junction Capacitance of p-InP/p+—InP Schottky Barrier Diode.

Fig. 3.14.
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barrier diode can be determined by Eq.(3.9), which shows gy, = .77 eV. Recent
measurement for Schottky barrier contact with Au or Al on n-InP has shown that
3gn = 0.5 + 0.04 eV independent of the metal. These results imply the barrier
height for p~InP of 8.8 + 0.94 eV.
3.6. Summary and Conclusions

The Au/p+-n-Ing.53Gag.47As/n+-InP Schottky barrier diodes with a different
thickness of the p+—InGaAs surface layer have been fabricated and characterized.
The results show that our modified Schottky barrier diodes have the total
capacitance of ©.3 pF, the series resistance of 11.8 ohm, and the effective
barrier height of 8.52-0.58 eV. We have also fabricated Al/p—InP/p+-InP
Schottky barrier diode using a lift-off photolithographic process on p-InP
epilayer grown by Vapor Phase Epitaxy (VPE). The direct measurement of the

barrier height shows &, C=V = 2.77 ev.
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CHAPTER FOUR
DEVELOPMENT OF A HIGH-SPEED Au/p+—n—InY. ?,g“"’” g7As/n"-Inp
SCHOTTKY BARRIER PHOTODETECTOR FOR 1.38-1. um PHOTODETECTION
4.1. Introduction

The high bit-rate fiber optic systems for long distance lightwave
communication require the development of high-speed, high efficiency, and low
noise photodetectors operating in the infrared regime, especially close to the
dispersion minimum of the optical fibers. Most of high-speed photodetectors
have been fabricated mainly on GaAs using Schottky barrier structure for
0.80 - 0.9¢ um and on Ing g4Gag 47AS for 1.30-1.65 um using p~i=-n structure.

In this project, we have developed a novel metal/p+—n-InGaAs/n+-InP
Schottky barrier photodetector operating in the 1.30~1.65 um infrared regime.
The proposed metal/p+—n—In®.53cag.47As/n+-InP Schottky barrier photodiode
structure requires the use of a very thin surface layer of p+-In®.53Ga@.47As on
the n-Ing g53Gagy 47As epitaxial layer grown on n*-Inp substrate in order to
enhance the effective barrier height. The significance of this new structure
lies on its ability to increase the effective barrier height, and hence to
overcome the problem of large dark current encountered in such a photodetector.
This approach for barrier height enhancement has been demonstrated previously in
GaAs [59] and InGaAs Schottky diodes [60€-62], and is used in our
Au/Ing 54Gap 47As/InP system for photodetector applications in the 1.30-1.55
infrared regime.

4.2, Theoretical Analysis
For a metal-p+-n InGaAs Schottky barrier photodiode, there exists the

region between x = @ and x = where a retarding field tends to oppose the

xm
collection of the photogenerated carriers. For simplicity this region is

assumed as a dead layer for the photogenerated carriers.
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4.2.1. Quantum Efficiency
The two main components of the photocurrent come from the depletion region
and the active region (i.e., the "base" of the Schottky barrier photodiode). The

photogenerated excess carriers in the depletion region are s'wept out by the

built-in electric field, resulting in a photocurrent for an incident RN
R
monochromatic light. :irf*f

[ Bl
[}

e

Jg = q(1-R)d[exp(-aXy)-exp(-aW)] (4.1)

where a is the absorption coefficient, & is the incident photon flux density, R
is reflection coefficient in the metal film, and W (= wp + W, + Xm) depletion

region width, respectively. wp is the thickness of p+ region, which is fully
depleted at thermal equilibrium, and W, is the depletion layer width in the n
region. Note that the reflection loss of the incident photons from metal
surface is accounted for by the reflection coefficient, R.

The photocurrent due to holes collected from the n-type base region is

given by
3, = [qa@(l-R)Lp/(aszz-l)]e-aw[aLp
- {cosh(H'/Lp) - e-aH'}/sinh(H'/Lp)] (4.2)

where H (= H' + W) is the epilayer thickness, and W is the depletion region
width. The total photocurrent density is obtained from Eq.(4.1) and (4.2),

which is given by

2

Ion = P(1-R)[e™*m - "] + [qagRL /(2L ?-1)]

P
PN
55

5 9%h

e‘aw[aLp - {(cosh(H'/L;) - e'aH'}/sinh(H'/Lp)] (4.3) 0

~I
K
F\I.l I
£y

The quantum efficiency of a Schottky barrier photodiode is given by




el e )

n = (1-R)[e™%*m + e'aw/(azL 2.1)

p

{1-aL (cosh(H'/L )~ e'aH')/sinh(H'/Lp)}] (4.4)

Eq.(4.4) will be reduced to Gartner's expression [74] for quantum efficiency if

the device thickness is much greater than the diffusion length, i.e., H'>>Lp.

n= (1-R)[e™®m - e""‘w/(aLp +1)] (4.5)

The minimum reflection loss with a quarter wavelength anti-reflection (AR)

coating is given by [75,76]:
Rmin = (n1?=ngny/ny%ngn,)? (4.6)

where ny, n;, and n, are the index of refraction of air, AR coating film and

semiconductor substrate, respectively. For example, R = 0.0526 at 1.3 um for

min
ng = 1.00 (air), ny = 1.4¢6 (Sioz), and n, = 3.40 {InGaAs). The quantum
efficiency for a p+—n-InGaAs/n+—InP Schottky barrier photodiode is shown in
Fig.4.1l. as a parameter of the thickness of the p+-InGaAs layer. For a single

layer antireflection coating, the thickness of the dielectric film can be

obtained from the well-known quarter wavelength formula given by:
d; = (A,/4 ny)tan~i[2n k /(n;%-n 2~k ?)] (4.7)

where 7\0 is wavelength of incident light at peak intensity, n) is index of
refraction of the dielectric film, and ng is complex index of refraction of the

semiconductor.
4.2.2. Response Speed
The response speed of a photodetector is determined primarily by the

transit (drift) time in the depletion region, the diffusion time in the gquasi-

neutral base region, and the RC time constant required to discharge the junction
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Schottky Barrier Photodiode.

Fig. 4.1.
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capacitance (Cj) through a combination of internal and external resistances.

The total risetime can be expressed by

2 2)1/2

+ tre (4.8)

_ 2
ty = (tee” + tgifs

The drift time across the depletion layer is given by tiy = W/2.8 vy, where
Vg is the saturation drift velocity of the carriers. The diffusion time is
given by LQiff = wpz/(2.43 D,), if the thickness of the highly doped p*-layer
(Wp) is less than the carrier diffusion length (Ln). The RC time constant is

given by tp~ = (Rg + RL)Cj

The cutoff frequency is given by
fo = 08.35/t, (4.9)

Assuming that the transit time and the diffusion time can be greatly
reduced by optimizing the device configuration, the response speed is mainly
determined by the junction capacitance (Cj), series resistance (Rg), and load
resistance (R;). The shunt resistance (Rj) is generally very high but is
included to account for the relatively low leakage resistance of the photodiode.
The series resistance (Rs) is composed of the lead resistance, the spreading
resistance in the base material, and the sheet resistance of the thin epilayer.
The sheet resistance term is the most important. This resistance is distributed,
depending on the contact geometry, and is frequency dependent. Thus, the
response speed can be estimated from RC time constant.

4.2.3. Dark Current

The dark current depends strongly on the barrier height of the photodiode
while the photocurrent does not depend much on the barrier height. The total
dark current for a Schottky barrier photodiode consists of: (1) thermionic-

emission current, (2) recombination current via traps in the depletion region,
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(3) tunneling current due to carriers tunneling across the bandgap, and (4)

leakage current or interface current due to traps at the metal-semiconductor e

!
‘v'v{‘-‘t‘
v 4

’
ol

interface. Tunneling current can be neglected for low doping concentration (less -

’ &
1Y ‘:l.'
P.ﬂ‘uﬂ

than 1017 cm'3). For a good diode with negligible surface leakage, the total &:
current is composed of the thermionic-emission current over the Schottky barrier ’
and the generation-recombination current in the depletion region.

For high mobility low doped (less than 1017 cm™3) semiconductors the dark

current density can be described by thermionic-emission theory.

3 = A"12exp(-qy, /kT)[exp(qV/nkT) = 1] (4.10)
= Jglexp(qV/nkT) - 1] (4.11) .
The guantum-mechanical tunneling through the barrier may modify the ,:i
ordinary thermionic-emission process. The current-voltage relation suitable for st
thermionic-field emission due to tunneling of excited carriers, which do not k;
have sufficient energy for thermionic-emission, can be expressed by [69]: EE
-

9.,y

J = I {exp(qV/KT) - exp[(n~1 - 1)qv/kT]} (4.12)

o VYR
rl,‘
‘aa

When n equals unity Eq.(4.12) is reduced to Eq.(4.11). For n > 2, the
Schottky contact conducts better under reverse bias because tunneling is the
dominant mechanism. At zero bias the depletion region of the Schottky barrier

is in thermal equilibrium and the rate of electron-hole pair generation is

'
I
. o 7
'
e
’
s N

balanced by the rate of recombination. 1In the presence of an applied voltage,

.
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there will be a net generation or recombination of carriers depending on the —_

Al

l‘
NS %,

DN
polarity of the applied bias. The generation-recombination current Jg-r i e
‘. RN
« . .
through the midgap traps in the depletion region is given by :‘._j'{:'i
-"h aan,

Jg-r = Jro[exp(qv/ZkT) - 1] (4.13)
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where J ., = qn;W/2t, and t, = (tntp)l/2 is the minority carrier lifetime in the o
depletion region. This current is added to the thermionic-emission current
and may cause deviation from ideal behavior (i.e., n = 1) in Schottky barrier
diodes. The recombination current is important in high barrier, in low lifetime
material, at low temperature, and at low forward bias voltage.
4.3. Device Fabrication

A high-speed Au/p+-n-Ing.53Gag_47As/n+-InP Schottky barrier photodiode has
been fabricated using a lift-off photolithography process. The structure of
the proposed InGaAs Schottky barrier photodiode is shown in Fig.4,2. The
p+—n-In0.53Ga0.47As epitaxial layers were grown on n*-Inp substrates by MBE.

E The thickness of the p+—In0.53Gag.47As epilayer is .63 - £.15 um with a
s corresponding dopant density of 5.5x10]'6 - 9.0x1017 cm'3, and the thickness of
b
p
P

n-Ing 53Gag 47As epilayer is 1.5-2.0 um with a dopant density of 3.0xl®15 cm'3.

A 100 & gold film was deposited on the p+-In0.53Ga@.47As layer at a deposit rate
of 2 8/sec and at a pressure of 5.0x10~7 Torr for a transparent Schottky contact
and Cr/Au (60/1,000 R) was deposited for the bonding pad. The Cr provides
contact adhesion to the semiconductor, and Au reduces the contact resistance as
well as providing contact area for bonding or probing.

Just prior to evaporation, a wet chemical etching was performed to remove
native oxide from surface of the contact area. Wafers are dipped in buffered HF
(HF:H,0 = 1:5) or etching solution (NH4OH:H,0,:H,0 = 20:7:100). For ohmic
contact on nt~InP, Au~Ge (88-12 %) alloy (1,50¢ R) was deposited and alloyed at
400 °c for 30 sec in Ho=N» {5~95 %) forming gas. For mesa etch, H,S04:H505:H, =
3:1:1 was used for the Iny gyGap 49As epilayer with an etch rate of 0.1 um/sec
at T = 300 K. For device characterization, the photodiodes were mounted on a 50-
ohm microstrip transmission line fabricated on the Cr-Au metallized alumina

(Al,0,) substrate [8].
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Transparent Schottky
Barrier Contact (Au)

Bonding Pad (Cr/Au)
Surface Layer

'/ n-InGaAs  \¢—Absorption Layer

n*.InP

p*-inGaAs

+— Substrate

Ohmic Contact
Au-Ge (88-12%) Ohmic Contact

Fig. 4.2, Structure of p+-n-InGaAs/n+-InP Schottky Barrier
Photodiode.
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4.4. Experimental Results and Discussion

4.4.1. Current-Voltage (I~V) Measurement

The current-voltage characteristics show that the breakdown voltages for our
devices are mostly around 5-8 V. The dark current was measured by using HP
4140B pA meter controlled by HP 9845B computer. The current-voltage (I-V)
characteristics of the Au/p+—n-1n@.53Gag.47As/n+-InP Schottky diode with a p-
InGaAs layer of 1,500 ® thick show a .arge reverse leakage current. However, the
leakage current is greatly reduced in a Schottky diode with a p+-InGaAs layer of
302 R as was shown in Fig.3.12. The results show that the reverse leakage
current depends strongly on the thickness of the p+-InGaAs surface layer. The
reverse leakage current density is given by 5.0x103 A/cm2 at Vp =1 V.
4.4,2. Capacitance-Voltage (C-V) Measurement

The junction capacitance of the photodiode was measured accurately by using

]
= 0.2-0.3 pF at Vp = 5 V for the Au/p+—n—Ing.53Gae.47As/n+-InP Schottky diode

HP 4280A C-Meter/C-V Plotter. The result shows that the total capacitance is C

with the contact area of 3.0x10~% cm?. This shows that our photodiodes were
well designed for high speed operation.

4.4.3. A.C. Admittance Measurement

The frequency-dependent a.c. admittance measurement [77] is commonly used
to determine the circuit elements of a Schottky barrier diode; series resistance
(Rg), shunt resistance (Rp), and junction capacitance (Cj). From a plot of the
Im{Y(W)} vs. Re{Y(W)}, the series resistance of the diode can be determined.

R+ R./[1+(wR c+)2)

(Rgt Ry/[1+(wRC)?N)2 + {wr %C5/[1+(wR,C5)2]}

WwR_2C./[14+(wR_C:)2]
‘i Rp 5 P

(4.14)
{Rg+ R/[1+(wR,C5)21}2 + {WR,%Cy/[1+(wR C5)?])?
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In the low frequency limit (w->0), Re{Y(w)} = l/(Rs + Rp) and in the high

frequency limit (w->oo), Re{Y(w)} = 1/R;. By measuring the frequency dependent
conductance and susceptance component of a Schottky barrier diode in the
frequency range of 20 to 575 MHz using a HP 4191A RF impedance analyzer, the
series resistance and shunt resistance of the diode can be determined. The
junction capacitance can be calculated from the measured values; Z; = Rg +
Rp/[1+(prCj)2] or Z, = wR

2Cj/[l+(wR Cj)z] for a given frequency. This

P p

allows accurate determination of the Rgs R and C; over a wide range of

p’ J
frequency. From the plot of Im{Y(W)} vs. Re{¥Y(W)} is shown in Fig. 4.3., the
series resistance was found to be 11.8 ohm for p+—n-1ng'53Ga@.47As Schottky
barrier photodiode.
4.4.4. Spectral Response Measurement

| The spectral response was measured by using a Jarrell-Ash 82-410 quarter-
meter Monochromator. The input optical power was measured by using a Laser
Precision RL-3610 power meter with CTX-532 Chopper and RKP-360 detector probe.
The power meter responds only to that radiation which is interrupted by the
chopper. Therefore, the effects of background signals and ambient temperature
variations can be eliminated. The responsivity of the photodetector is
determined by the average photocurrent divided by the average incident optical
power. Without AR coating, a quantum efficiency of 40.5 % between 1.3 to
1.65 um was obtained for the Au/p+-n-InGaAs/n+-InP Schottky photodiode.
4.4.5. Response Speed Measurement

The response speed was directly measured by impulse response technique

using a sampling scope in time domain. This method requires an optical source
generating ultrashort pulses preferably shorter than the impulse response of
the photodiode. The impulse response of a photodiode to a laser pulse of 110 ps

FWHM (70 ps risetime) with a 10 KHz-pulse repetition rate at a wavelength of 820
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nm was measured by a Tektronix 7S-12 sampling scope with an S-4 sampling head of
risetime of 25 ps (55 ps FWHM). The sampling scope introduces considerable
instrumental broadening to produce a pulse of a risetime of 25 ps (55 ps FWHM).
The schematic diagram for the impulse response measurement system is shown in
Fig. 4.4. The response is mainly limited by the finite width of the laser pulse
and the rise time of the sampling scope. The result shows that our
photodetector has a risetime of 180 ps and ©.9 ns FWHM as is shown in Fig.4.5.
The measured RC time constant is around 9.56 ps. Therefore, further improvement
in the packaging of the detector is needed in order to obtain a true response
speed. Table 4.1. lists the physical parameters of InGaAs material. Table 4.2.
and Table 4.3. summarize the design parameters and the test results of the

p+-n-InGaAs/n+-InP Schottky barrier photodiodes.

Table 4.1. Physical Parameters for Ing g3Gag 47AS

Energy-Gap E:g = 0.75 eV at 300 © K
Dielectric Constant € = 12.9
Mobility u, = 1.0x10% cm?/vsec

up = 2.@xl@2 cmz/Vsec
Diffusion Constant D, = 260 cmz/sec

Dp = 5,2 cm“/sec
Diffusion Length L, = 2.28 um (p-InGaAs)

Lp = @.32 um (n-InGaAs)
Effective Mass mn**= 0.241 my

= 9.050 My
mpl*
mph = 0.490 my
= @.,500 My
intrinsic Carrier n; = 7.1xl®ll cm 3
Concentration
Effective Densit = 17 o3
Y No = 2.®9x1018 cm

of States Ny = 8.90x1018 cm3
Effective A = 4.92 Acn™%k™2_ (n-InGaAs)
Richardson Constant A" = 61.9 A cm k™2 (p-InGaAs)
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Table 4.2. Parameters for p"—n—Ing 53Gag 4 As/n*-InP
High-Speed Schottky barrier Photodiode

Schottky Contact

Au (102 R)

Bonding Pad

Cr/au (60 8/1,000 R)

p'-Ing 53Gap 47As
Surface Layer

0.03 - 9.15 um
5.5x10%° - 9.0x1017 e~

n-In Ga As 1.5 - 2 um

©.537°0.47 y -
Epilayer 3.®xl®is cm™3
Growing Technique MBE

Substrate

Sn do nt-Inp
3.®xlg?g cm'3

Ohmic Contact on n-InP

Au-Ge (88-12 %), 1,500 &

Alloy

400 °c for 30 sec

Microstrip Line

Cr/Au Thickness
Output Impedance
Stripline Width
W/H Ratio
Effective Stripline
Width

100-200 A / Q002"
5@ ohm

0.02425"

.67

©0.02478"
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Table 4.3. Results for p+—n—Ing_53Ga9.47As/n+;InP
High-Speed Schottky Barrier Photodiode

Device Structure p+-n—InGaAs
Diameter (um) 20 - 5@
Photodiode Area (cm?) 2x1072-3x10~®
Epilayer Doping (cm_3) 3.0x101°

Thickness (um) 1.5 - 2.0
Dark Surrent Density 5.0x10™3
(A/em®) at Vg =5 (V)

Capacitance (pF)

at Vv = 5 (v) 0.2 - 0.3
Series Resistance (ohm) 11.8
Quantum Efficiency (%) 40.5
Bandwidth (GHz) 12.9
RC time constant (ps) 1.77
Risetime (ps) 185

4.5. Summary and Conclusions

We report a novel metal/p'-n-InGaAs/n*-Inp Schottky barrier photodetector
capable of detecting up to 13 GHz modulating optical signals at 1.30-1.65 um
infrared regime. The results show that the intrinsic response speed for our
photodetectors with an active area (3x10™° cm2) of 20 um in diameter was
estimated to be 13 GHz for a Au/p+-n-In@.53Ga®‘47As/n+-InP Schottky barrier
photodiode based on the RC time calculated from the measured values of the total
capacitance (@.1-8.2 pF) and series resistance (5.3-11.8 ohm). The true response
speed can be turther improved by reducing the stray capacitance through

improving our packaging technique.
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CHAPTER FIVE
DEVELOPMENT OF A HIGH-SPEED Au/p-Ing 5.Gag 47As/p'-InP
, SCHOTTKY BARRIER PHOTODETECTOR FOR 1.38-1065 um PHOTODETECTION
5.1. Introduction
A high-speed photodetector operating in the infrared regime, especially
close to the dispersion minimum of optical fibers is of great interest for
' lightwave communications. Until now, the photodetectors have been fabricated
mainly on GaAs using a Schottky barrier structure for 8.8 - .90 um and on
Ing 53Gag 47As using a p-i-n structure for 1.390 - 1.65 um. More recently we
have reported a Au/p—In@.53Ga®.47As/p+—InP Schottky barrier photodetector

[19,20], which is capable of demodulating the modulated optical signals at 1.30

- 1.55 um. Schottky barrier contacts on n-Ing 53Gag 49AS yield very low barrier
height (QBn = 2.2-8.3 eV), which makes Schottky contacts too leaky to be useful
for photodetector applications. On the other hand, Schottky barrier contact on
a moderately doped p-Ing 53Gag 47As epilayer is expected to produce good barrier
height when suitable metals and surface preparation are used. Schottky barrier
structure on p-InGaAs has been demonstrated recently by Emeis et al. [18],
however, their structure seems too complex even though it has an advantage of
being suitable for monolithic integration.

In this chapter, we report the fabrication of a long wavelength high-speed
Au/p-Ing.saca@.47As/p+-InP Schottky barrier photodetector for 1.30-1.65 um
infrared detection. This photodiode has been fabricated on p-Ing 53Gag_47As
epilayer using a mesa Schottky barrier structure on p+-InP substrate. The

photodiode has a reponsivity of .43 A/W at 1.3 um and a risetime of 85 ps. The

measured RC time constant for the photodiode with a 50-ohm load resistance is

found to be 34.7 ps.
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The main considerations in the design of photodetectors are response speed
and responsivity. For high response speed, the photodetector requires a narrow
depletion region for short transit time

region for low junction capacitance.

5.2.

layer should be optimized.

5.2.1. Quantum Efficiency

The total photocurrent density consists of two main components coming from
the depletion region and the quasi-neutral base region.

density due to the photogenerated excess carriers in the depletion layer for an

Theoretical Analysis

Therefore,

incident monochromatic light is given by:

Jg = qaTd{l-exp(-aw)}

The photocurrent density due to the electrons collected in the quasi-

neutral base region is given by [76,77]:

[}
[}

the thickness of a depletion

n [qadSTLn/(aanz-l )]e_aw{aLn - [cosh(H'/Ln)

- e 3" }/sinh(8' /L))

The total

Ip

- e y/sinh(H /L))

where a is the absorption coefficient, ® is the incident photon flux density, T

is the transmission coefficient in the metal film,

of the epilayer, and W is the depletion layer width.

be obtained from Eq.(5.3), which i= given by:

78

H

The quantum efficiency can

(=H'+ %)

and a small area and wide depletion

The photocurrent

(5.1)

(5.2)

photocurrent density is obtained from Eg.(5.1) and Eq.(5.2).

h = ®T[1 - e @] + [qadTL /(a%L ?-1)1e™W{aL, - [(cosh(H'/L,)

(5.3)

is the thickness

.
.
-
-
.
.
-
.
c .
* .
.




n = T{l+e"3W/(a’L ?-1)[1-aL (cosh(H' /L )~e"3" ) /sinn(' /L )]} (5.4)

Note that EQ.(5.4) can be reduced to Garter's expression [74] of the
quantum efficiency when the device thickness is larger than the diffusion
length, i.e., H' >> L,. For a single layer antireflection coating, the thickness
of the dielectric film can be obtained from the well-known quarter wavelength

formula given by [75,76]:
4, = (\/4 ny)tan~1[2n k /(ny%-n 2k 2)] (5.5)

where A, is wavelength of incident light at peak intensity, n is index of
refraction of the dielectric film, and ng is complex index of refraction of the
semiconductor.
5.2.2. Response Speed

The response speed of a photodetector is determined primarily by the
transit (drift) time in the depletion region, the diffusion time in the quasi-
neutral base region, and the RC time constant required to discharge the junction
capacitance (C.

J

The total risetime of a photodiode, which is defined as the time of response

) through a combination of internal and external resistances.

from 10 % to 90 % of a pulse height, is essentially equal to the largest of the

three. To a good approximation, the total risetime can be expressed by:
N 2 2 2y1/2
t, = (ttr + tgise. * tre?) (5.6)

The carrier transit (drift) time across the depletion region is given by

Cep = W/2.8 v_, where v

s s is the saturation drift velocity of the carriers. For

high mobility materials, the transit time is limited by the saturated drift
velocity. The carriers generated within the highly doped contact region or the

quasi-neutral region will result in a time delay of the carriers reaching the

drift region. The frequency response for diffusion time is given by taiff =

'
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an/(2.43 Dp). The RC time constant is given by tpe = (Rs + RL)Cj' The shunt
resistance (R;) is generally very high but is included to account for the
relatively low leakage resistance of the photodiode. The series resistance
(RS) is composed of the lead resistance, the spreading resistance in the base
material, and the sheet resistance of the thin epilayer. The sheet resistance
term is the most important. This resistance is distributed, depending on the

contact geometry, and is frequency dependent. Thus, the cutoff frequency is

given by
f. = 0.35/t, (5.7)

5.2.3. Dark Current

For high mobility low doped (less than 1017 em™3) semiconductors the dark

current density can be described by thermionic-emission theory.
o = a"T%exp(-qBg,/KT) [exp(qV/nkT) - 1] (5.8)
= J[exp(qv/nkT) - 1] (5.9)

The quantum-mechanical tunneling through the barrier may modify the
ordinary thermionic-emission process. The current-voltage relation suitable
for thermionic-field emission due to tunneling of excited carriers, which do not

have sufficient energy for thermionic-emission, can be expressed by [69]:
J = J {exp(qv/kT) - expl(n”! - 1)qu/kT]} (5.10)

When n equals unity EQ.(5.10) is reduced to Eq.(5.9). For n > 2, the
Schottky contact conducts better under reverse bias because tunneling is the
dominant mechanism. At zero bias the depletion region of the Schottky barrier

is in thermal equilibrium and the rate of electron-hole pair generation is
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: balanced by the rate of recombination. 1In the presence of an applied voltage, ;Z-::;
X i
: o
there will be a net generation or recombination of carriers depending on the
3%
Jl
N polarity of the applied bias. The generation-recombination current Jg—r f:::
“ -..‘-_‘.:-
™ through the midgap traps in the depletion region is given by: ::;‘
. \.‘.‘
o Jg-r = Jrolexplqv/2kT) - 1] (5.11) ::_‘
::-’::ﬂ"
k- where J__ = qgn:;W/2t_ and t = (t_t )1/2 is the minority carrier lifetime in the \i
N ro i o o np Lo
S N
depletion region. This current is added to the thermionic-emission current and - ‘;
:; may cause deviation from ideal behavior (i.e., n = 1) in Schottky barrier
-" diodes. The recombination current is important in high barrier, in low lifetime
"
. material, at low temperature, and at low forward bias voltage.
- 5.3. Device Fabrication
.:: A high-speed Au/p—Ing 53Gap 47As/p+—InP mesa Schottky barrier photodiode
-
- has been fabricated using a lift-off process. The photodiode structure is
~—~
®
~ shown in Fig.5.1. The p-Ing g3Gay 47As epilayer was grown on p+—InP substrate '.\,.:
“J" M * J“:"\.
‘3 by 1liquid phase epitaxy (LPE) technique. The thickness of p-Ing 53Gap 47As ':-:':-_\_
§ ": ) ) :".;‘.\.
o epilayer is 2.0 um with a dopant density of 1.0-5.0x101° cm™3. A 100 R gold film :.'C'_::‘
i L )
was deposited onto the p-Ing 53Gay 47As epilayer with a deposition rate of 2 S
{j X/sec at a pressure of 5.0x10~7 Torr for a transparent Schottky contact and .
{'._ Cr/Au (60/1,000 8) was deposited for the bonding pad. For ohmic contact to pt-
- InP, Mn/Au (100/900 ®) was deposited sequentially and alloyed at 460 °C for 30
L
sec in Hy-N, (5-95 %) forming gas ambient. For mesa etch, H5S04:H50,5:H, = 3:1:1
¢
‘M ; =
W was used for the Ing 53Gag 47As with an etch rate of 0.1 um/sec at T = 309 K.
, For characterization, the photodiode was mounted on a 5@-ohm microstrip
(ﬂ
[
oy transmission line fabricated on the Cr-Au metallized alumina (A1203) through an
o
»
<. f . . . . .
" OSSM subminiature coaxial connector. The high-speed packaging, on which the
4
%
photodiode is mounted is shown in Fig.5.2.
o
’
\I
9
o~ 81
N
~
-
5 - - "o ® - -
::.4 o
I S N e T e e e A L O RO
s




o %S
OISR
_v.........ffl

R R G i

v T o

A ARA S "adh A N e

w
w )
m °
m 3
m s
y L o4
=9 2 €
o< g S :
=~ e b 3 ©
O o O g C 5
R ~ & :
S © 0 @
- v - E
c C g £ <
o © a < S 2
- O o o Hw
50 2 E T 3
n o s £ 3 3
e T v o o 7
..lra.a 6 4 S £
S S £ o n
=] ta
o ~ A.m.
[ < < 3
N 1| = o £
. < o =] v
o qu Z a =
(] = 5
2, = o
0 b
LA B
Ll - o 5
~ N . m m
+ S &
a o S
(&
o —_
E w
h .
o o
vl




- - -

o mpan e m

£

pa A

T B a4

.

a8

A

hel
9]
v
o}
w
|
o
+0

Microwave Package for our Photodetec

in this research project.

Fig. 5.2.

-I-

B

83

TRl

S

T

L

AL
e %



‘afaaly Satallyall, gd ab. ate 4t gl Aty g% o 200 ' 6 0 80 00800 8.8 00 0B 0 a8 80 200000 8 20" 205008 220 2.8 00428 0.8 0000 e g0

5.4. Experimental Results and Discussion

5.4.1. Current-Voltage (I-V) Measurement

The current-voltage characteristics in Fig.5.3. show that the breakdown
voltages for our devices are mostly around 5-8 V. The dark current was
measured by using HP 4140B pA meter controlled by HP 9845B computer. Figure
5.4. and 5.5. show the forward-biased and the reverse-biased current-voltage
characteristics of a Au/p—InGaAs/p+-InP Schottky barrier photodiode.
5.4.2. Capacitance-Voltage (C-V) Measurement

The junction capacitance of the photodiode was measured by using HP 4280A
C-Meter/C~V Plotter. The result shows that the total capacitance is Cj = 0.10-

£.20 pF at Vg = 5V for the Au/p-InQ.53Ga®_47As/p+—InP Schottky diode with the

2. Based on (l/C2) vs. Vg curve shown in Fig.5.6,

contact area of 3.9x16~° cm
the Schottky barrier height was around @.58 eV.
5.4.3. A.C. Admittance Measurement

From a plot of the Im{Y{(W)} vs. Re{Y(W)}, the series resistance of the

diode can be determined.

2
pcj) ]

2912 2 2412
{Rg+ Rp/[l+(prCj) 11 + {pr cj/[1+(prcj) 1}

Rgt Rp/[l+(wR

2 2
wR_“C./[1+(wR .C)<]
+ 3 P_J p_J (5.12)

{Rg+ Rp/[l+(prCj)2]}2 + {pr‘°-cj/[1+(prcj)2]}2

In the low frequency limit (w->@), Re{Y(w)} = 1/(Rg + Ry) and in the high

p
frequency limit (w->00), Re{Y(w)} = l/Rs. By measuring the frequency dependent
conductance and suscertance component of a Schottky barrier diode in the
frequency range of 7 to 227 MHz by using a HP 4191A RF impedance analyzer, the

series resistance and shunt resistance of the diode can be determined.

The junction capacitance can be calculated from the measured values;
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' Z) = Rg + R/[1+(wR c)?) or Z, = wWR 2C~/[l+(WR c.)?] for a given frequency. o
N S P P73 P 7] P7] ot
This allows accurate determination of the R, Ror and Cj over a wide range of .
s -
> frequency. The series resistance was found to be 5.3 cohm for p-Ing 53Gap 47As ey
N ~
5 Schottky barrier photodiode from the plot of Im{Y(W)} vs. Re{Y(W)} in Fig. 5.7. o
N’y
s
5.4.4. Spectral Response Measurement .
D P
:-_: The spectral response was measured by using a Jarrell-Ash 82-410 quarter-— e
:j meter Monochromator. The input optical power was measured by using a Laser
" ~
Precision RL-3610 power meter with CTX-532 Chopper and RKP-36{ detector piobe.
- N . L
K. The power meter responds only to that radiation which is interrupted by the
e
:. chopper. Therefore, the effects of background signals and anbient temperature
.
> C . ‘ :
- variations can be eliminated. The schematic diauram for the spectral response
v measurement system is shown in Fia, 9.k, -:'."-f
N The responsivity cf the priotodetector 1s Jdeterwlned ty the average f:';:
' photocurrent divided ty the averase in-i1dent  ;tiCa. pIlwer., wlthout anti-
r_:, reflection ccatin;, thne photodlde has @ respensivity of Juat 4w anl a guantur
f" efficiency of 40, v At l.: Se.  Tre  Lsontir etiiciency for AL j-IndaAs 'y -Ini -
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by the finite width of the laser pulse and the risetime of the sampling scope.
The impulse response for the Au/p-Ing.53Gag.47As/p+-InP Schottky barrier
photodiode is thus given by the risetime of 85 ps and FWHM of 490 ps. This
long tail might be due to (1) a time delay resulting from the carrier diffusion
in the undepleted epilayer, (2) a long pulse (i.e., 119 ps) of laser as an
optical source, (3) the use of a pulse laser with a wavelength of 8.82 um
instead of 1.3 um, and (4) package parasitics. However, the measured RC time
constant for a photodiode is tp. = 2T (Rg + R )C = 34.7 ps, which corresponds to
the cutoff frequency of 28.8 GHz. Therefore, the impulse response measurement
with a shorter pulse laser and further improvement in the package of the

photodetector are necessary to obtain a true response speed for our photodiodes.

The design parameters and the experimental results of the photodetectors are

summarized in Table 5.1. and Table 5.2., respectively.

Table 5.1. Parameters for An/p—InGaAs/p+-InP
Schottky Barrier Photodiode

Device Structure p-InGaAs/pt-InP
Schottky Contact au (100 %)
Contact Diameter 20-50 um
Photodiode Area 2x107°-3x10"° (cm?)
Bonding Pad Cr/Au (60/1,000 R)
Epitaxial Layer p—In@.33Gag.47As

1.5 - 2.2 um

1.0 - 5.0x10%° cm™3
Growing Technique LPE

+
Substrate z?aiggig gm:SnP
Ohmic Contact Mn/Au (100/900 R)
Alloy 460 °C for 30 sec
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Table 5.2. Results for Au/p-InGaAs/p’'-InP
Schottky Barrier Photodiode

Device Structure p-InGaAs/p’-Inp
Diameter (um) 20-509
Photodiode Area (cm?) 2x107°-3x10°
Epilayer Doping (em3) 1.0-5.0x101°
Thickness (um) 1.5 - 2.0

Dark Current Density (A/cmz)

at Vg =1 (V) 2.5x1073
Capacitance (pF)

at VR =5 (V) .1 - 2.2
Series Resistance (ohm) 5.3
Barrier Height 0.58
Quantum Efficiency (%) 40.8
Responsivity (A/W) .43
Risetime (ps) 85

RC Time Constant (ps) 34.7
Bandwidth (GHz) 28.8

5.5 Summary and Conclusions
A new high-speed long wavelength Au/p-In0.53Ga@.47As/p+-InP Schottky
barrier photodetector has been fabricated and characterized in this study. The
results show that the intrinsic response speed for our photodetectors with an

active area of 3x1¢~° cm?

was estimated to be 28.8 GHz based on the measured RC
time constant (C = 0,15 pF and Rg = 5.3 ohm). Therefore, the response speed
of the photodiode can be further improved by reducing the Schottky contact area
for low junction capacitance and by optimizing the thickness and dopant density

of the InGaAs epilayer to achieve shorter transit time and lower junction

capacitance, and by minimizing the photodetector package parasitics.
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CHAPTER SIX
SMMARY, CONCLUSIONS, AND RECOMMENDATION
6.1. Summary and Conclusions
The objective of this research project is to develop a high-speed long
wavelength (1.30-1.55 um) photodetector capable of demodulating optical signals
greater than 20 GHz for millimeter-wave optical fiber links. For this purpose,
a novel high-speed Ing 5Gay 47As Schottky barrier photodiode using Au/p+—n-
InGaAs /n*-InP and Au/p-InGaAs/p*-InP structure has been successfully developed
in this research project. The Schottky barrier photodiode structure with a thin

transparent metal film was employed because of its many advantages including

simplicity of fabrication, reliability, low temperature process. -f'.f
',\'_\:;.

The test results of our photodetectors have shown that a Au/p~InGaAs/p'-Inp '.i-:'.:_-::-::',
:.'(:.__'."_:.

Schottky barrier photodiode is very promising for high-frequency and high-speed .‘_-';_n;::.'

detector applications. However, a p+-n—InGaAs Schottky barrier photodiode needs
more study to obtain good reproducibility of the barrier height enhancement.
The results show that our Au/p—InGaAs/p"'—InP Schottky barrier photodiodes have a
responsivity of ©.43 A/W and a quantum efficiency of 46.5 % at 1.3 um without
anti-reflection coating. The impulse response measurement for the Au/p-
Ing.53Gag.47As/p+—InP Schottky barrier photodiode shows a risetime of 85 ps and
an FWHM of 490 ps.

The response speed is mainly limited by the finite width of the laser pulse
and the risetime of the sampling scope. The observed long tail in the impulse
response measurement might be due to (1) a time delay resulting from the
carrier diffusion in the undepleted epilayer, (2) a long pulse (i.e., 110 ps) of
laser itself as an optical source, and (3) packaging parasitics. The RC time
constant for our p-InGaAs/p+-InP Schottky barrier photodetectors with an active

area of 3::1@'6 cm?

is found to be 34.7 ps based on the measured values (i.e.,




X A
‘ f.':"
. N2
; e
R SN
: C = 0.15 pF and Rg = 5.3 ohm), which implies that the intrinsic response speed ;:.:':.‘;
. for the photodetector is 28.8 GHz. Therefore, the response speed of our f-::::-
' photodetectors can be further improved by optimizing the device parameters and '_S;E‘
E minimizing the packaging parasitics. We plan to focus our efforts on two main ;.:u:
: tasks which include fabrication of the InGaAs photodetectors on the semi- :“'u-
) insulating InP substrate and optimal design of the photodetector package to .J::‘E:
: minimize the parasitics. E:é:-‘:
| 6.2. Recommendations for Follow-up Research
« el
X 6.2.1. Packaging Optimization ;j:f:_:::.‘
! Packaging optimization and interconnections are most important tasks for x_":;;,‘
' high frequency devices because most reliability constraints are related to these : :.
A YA Y
! problems. The interconnection capacitance between a discrete photodetector and ;:f:z
L\ e
, amplifier contributes to an important fraction of the total receiver :'.E,E}E
! capacitance. To improve high-speed packaging technique, the microwave packaging e
using coplanar waveguide (CPW) transmission line needs to be developed, which is I“
expected to greatly reduce degradation of response speed due to the packaging -‘
A
parasitics. CPW has an important advantage over microstrip transmission line in "':"{\
that the signal conductors and the ground plane conductor share the same surface \_:"
of the dielectric substrate [78,79]. This waveqguiding system offers convenient '\'-
L) P
, incorporation of lumped devices and short circuits, which is more difficult in T

microstrip line. This means circuit connections to ground can be made simply

with short, low parasitic bond wire connections.

- e

6.2.2. Development of High-speed Ing 53Gag 47As Schottky Barrier Photode tector RN
on Semi-insulating InP Substrate for Monolithic Integration. R

The use of the semi-insulating substrate is important for high frequency Lok

applications because the parasitic capacitances associated with discrete devices

and devices to ground plane can be minimized. The photodetectors on the semi-

i insulating substrate are suitable for the monolithic optoelectronic

98




integration. The monolithic optoelectronic integration [80,81] may have
advantages of a reduction in cost, an increase in functionality, and an
improvement in performance and reliability. Significant improvements in speed,
sensitivity, and noise can be obtained via monolithic integration by reducing
the package parasitics associated with discrete devices and test fixture. This
might be due to the elimination of bond wire connections, the use of semi-
insulating substrates where the bond pad is located on, and the improved package
and test fixture. 1In order to reduce a surface leakage current the mesa
structure of which the surface is covered with a dielectric passivation layer is
necessary for the proposed photodiode. The Schottky barrier contact with an
interdigitated structure will be desirable to increase a quantum efficiency.
6.2.3.Monolithic Integration of An Optical Receiver Module

With the advent of optical fiber communications the monolithic integration
of optoelectronic devices and complex circuits on a single substrate provides
the promise of improved performance and reliability, increased functionality,
economy of size and scale, and the resulting proliferation of the computer
industry. The improvement in sensitivity obtained by the integrated p-i-n/FET
becomes more significant for high bit rates, and the p-i-n/FET may be an
alternative to an avalanche photodiode (APD) as a means of increasing receiver
performance at very high bit rates. The optical receiver modules ([82-84] have a
potential of improving receiver performance over that which can be obtained
using a hybrid photodetector/preamplifier. Therefore, a monolithically
integrated optical receiver which typically consists of a photodetector,
detector biasing circuit, and at least one stage of voltage gain is a promising

detector candidate for optical fiber communications.
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APPENDIX A. Fabrication Procedures of InGaAs Schottky Barrier Photodiode

STEP PROGRESS DETAILED DESCRIPTION
1 Clean and degrease TCE for 5 min. with ultrasonic agitation

-

wafer + ACETONE for 5 min. with ultrasonic
agitation
« METHANOL for 5 min. with ultrasonic
agitation
2 Metallization for Ohmic * Deposit Au-Ge (88-12%) metal alloy for
Contact on Substrate contact to n*-InP substrate at a deposit
. rate of 2 A/sec and a pressure of 5.0x10°7
Torr.
_p* -InGaAs » Deposit Au-Zn (84-16%) meta: alloy or
n-inGaAs Mn/Au sequentlally (100 A/900 A) tor
ohmic contact to p*-InP substrate at a
+ .inP rate of 2 A/sec and a pressure of
n"-n 5.0x10°7 Torr.
* Alloy Au-Ge ohmic contact at 400°C
tor 30 sec and Mn/Au ohmic contact
at 460°C for 30 sec
3 Deposit photoresist + Prebake at 150°C for 20 min, cool down 1 min
Shotoresist + Spinon positive PR at 4,500 rpm for 30 sec
p¥ -InGaAs (Shipley AZ-1470 positive PR)
n-InGaAs + Softbake at 90°C for 15 min, align, and expose
for 8-10 sec for positive PR
n* -InP + Develop with Shipley developer for positive PR
(MF-351:D.\. Water = 1:5)
LLLLLLL L L
4 Open Window for + Develop with Shipley developer for positive PR
Schottky Barrier Contact (MF-351:D.l. Water = 1.5), then pattern such
R ) that the areas in which metal is desired are
-£8 " b* -InGaAs PR not covered with photoresist
n-iInGaAs
n* -InP
Ll L Ll L p
[ S S
5 Metallization . » Clean wafer with TCE, Acetone, . .-.:«%
. Methanol under ultrasonic agitation AR
S ians finse with D.1. Water, and elch just T
ninGaAs prior to metallization. )
+ Deposit metal with E-beam evaporation
at a pressure of less than 10 Torr.
n* -nP
| PSSP IS VI
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6 Lift-Oft + Lift-off the unwanted metal with photoresist
having the metal contact in the desired area
? by stripping.
| VA
| p* -InGaAs
n-inGaAs
; n*-InP
{
! L L L Ll
7 Strip Photoresist +  Strip the Photoresist in acetone, which does

" pot attack the metal film, with ultrasonic
agitation. Then the unwanted metal comes
off with the photoresist having the metal

- B

contact in the desired area, .
hAy
Ia
P
%
: NS
03
8 Depostt photoresist + Prebake at 150°C for 20 min., cool :’.'-i'.i -
down 1 min. T
J ﬁ-' \ ~« Spinon positive PR at 4,500 rpm for 30 sec NP0
. SnGaks (Shipley AZ-1470 positive PR) Y
e +  Softbake at 90°C for 15 min., align, and N
n-inGaAs exposa for 8-10 sec for positive PR I
+ Develop with Shipley developer for positive ]
nt -InP PR (MF-351:D.1. Water=1:5) ‘_}\
-
LLLL L L =
9  Open Window « Develop with Shipley developer for positive \ ™
for Bondpad PR (MF-351:D.I. Water=1:5), then pattem RO
| PR such that the areas in which metal is .
PR] V74 [PR desired are not covered with photoresist. NIEAD
p* -InGaAs . _?..:‘_::‘v;_
n-inGaAs ‘..'::::-.::::.‘
:;;-r_
n* -InP S :
T
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10 Metallization « Clean wafer with TCE, Aceton, Methanol under

ultrasonic agitation, rinse with D.1. water, and

PR etch just prior to metallization.
PR { zzzl. /] PR «  Deposit metal with E-beam evaporation at a
p? -InGaAs pressure of less than 10°5Torr
n-InGaAs
n* .InP

L LS

11 Lift-Oft +  Lift-oft the unwanted metal with photoresist ;{i:?.:i:l
having the metal contact in the desired area DA
by stripping. wan
U 27A T
p* -InGaAs Zadidad
n-inGaAs ;ﬁép'
e
n* -InP ’:\::\..
R
777777777777 ;' o
12 Strip Photoresist «  Strip the photoresist in acetone, which does not I:T;.':.,A; o
attack the metal film, with ultrasonic agitation. R
Then the unwanted metal comes off with the e
photoresist having the metal contact in the =t
desired area. ..
n
S
.
13 Mesa Eich « H,504:H 70 2H,0 = 3:1:1 wilh a etch rate of X
1.0 um/10 sec at T = 300°K RGN
Y
p+ -InGaAs _L ' ' 1?': ‘;'f
n-InGaAs N '.:“-:
SRS
n* -InP ¥ )
,‘Fn'rl A
) (|
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APPENDIX B. Circuit Simulation for determining Response Speed

The SLICE simulation o: the photodiode equivalent circuit model yields the
frequency response for the InGaAs Schottky barrier photodiode., The 3-dB
frequency of the proposed photodiodes is found to be at 12 GHz for a Au/p*—n-
InGaAs/n'-Inp structure in Fig.B.1 and 25 GHz for a Au/p-InGaAs/p"-InP structure
in Fig.B.2. These results are consistent with the estimated values by the
measured RC time constant. Thus, the proposed InGaAs Schottky barrier
photodiodes are capable of detecting the optical signals up to around 20 GHz
range. The equivalent circuit of the photodiode is shown below. The measured

value of the circuit elements are given as following:

Cd = @.1 - 9.2 pF Rs = 5.3 -11.8 ohm
Lb = @.25 nH Cp = @.04 pF
R, = 50 ohm R; = 190 Mohm
Rs Lb
AN\VA Vg 1.7.a
Iph Ry g Cq = Cp :J: R
>y
] 4
‘-.,.:I., }\
NS
N -‘\f*
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Fig. B.1. Cutoff Frequency of p+-n-InGaAs/n+-InP Schottky Barrier Photodiode. ".V.*-‘.
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Cutoff Frequency of p-InGaAs/p+-InP Schottky Barrier Photodiode.
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APPENDIX C. General Model for Schottky Barrier Beight

The barrier height of metal-semiconductor system is determined by both the
metal work function and the interface traps. The general expression of the
barrier height can be obtained on the basis of the following assumptions: (1)
The metal and the semiconductor are assumed to be separated by a thin insulating
interfacial layer of atomic dimensions which is transparent to electrons and can
withstand potential across it, (2) the interface traps per unit area per
electron volt at the interface are properties of the semiconductor surface and
are independent of the metal.

Designating the oxide charge Qox = ~GNgx in the region of oxide close to
the oxide-semiconductor interface, the charge neutrality condition of the system

can be written as
Ou + Qgc + Qi * Qox = 0 (c.1)

where Qy is surface charge on metal, Qg . space charge in the depletion layer of
semiconductor, Q;, interface trap charge, Q,, oxide charge, Q¢ is oxide fixed

charge, Q. mobile ionic charge, and Q,, oxide trapped charge.

Qse = {2aC,Np (85, = V,, + 48 = (k1/q)}L/2 (C.3)
Qjr = —qD; {exp((Eg - a¥, - @@gpn)/Es) - exp((E9 - q¥, - g )/Es)}
(C.4)
Qy = = [{2qCgNp(dg, - Vn)}l/z- qD;Es{exp({Eg - q§,
~qQ§p,)/Es) - exp((Eg - q§, - Q¥¢,)/ES)} + QNg] (G.5)
D;¢(E) = D;, {exp[(E - q§,)/Es] + exp[-(E - q§,)/Es]} (c.6)
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The potential drop across the interfacial layer can be obtained by the

application of Gauss's law.
A= - (‘nM/ei) (c.7)

where €; is the permittivity of the interfacial layer and d is its thickness.

Again Eqg.(C.7) can be expressed as

A=, - X - ¥, (c.8)

Introducing the quantities,

¢; = 2qc Nya2/e;? (c.9)
c, = €;/(€; + g%ay,) (c.10)
then the barrier height can be expressed as (18]
8pn = [ColBp =X) + (1-Cp)@g, = (1-C»)N,,/qD;, - 48] + [Cy%c, /2
- %20 (B = %) + (1-C))8gnC1/C = (1-CyINgyC1 /a3 Cy

- ¢ (v, + (KI/q))/Cy + Cyc; 2/ /2] (c.11)

For Np < 1018 cm"3, the terms within the second bracket can be neglected, and

Eq.(C.11) can be reduced to the following expression.

3pn = Co®p = X) + (1-C,)@¢, = (1-C5IN,,/aDj¢ - 43 (C.12)

where &, represents the position of ‘the neutral level for the interface traps
from the top of the valence band. Here €; is the permittivity (=€oer) and d is
the thickness of the interfacial layer. D;; is the density of the interface
traps per unit area per electron volt. The two limiting cases considered

previously can be obtained from Eq.(C.12).
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The two limiting cases can be obtained as follows:

(1) Mott Limit (D;, ->@, C, -> 1, and §¢, ~> Vp)

%pn = (8 - X) - AR (c.13)

which is the barrier height for an ideal Schottky barrier contact where surface
state effects are neglected. Note that this expression is identical to the
ideal schottky barrier except for the barrier lowering term.

(2) Bardeen Limit (D;, -> oo, C; => @, and §¢, -> Eg/q - &)

$an = (Bg/a - B) - 49 (c.14)

The Fermi level at the interface is pinned by the interface traps at the value
q§, above the valence band. The barrier height is independent of the metal work
function and determined entirely by the surface properties of the semiconductor.
APPENDIX D. Schottky Barrier Height Enhancement

The Schottky barrier height enhancement can be obtained by depositing a
very thin p+-InGaAs surface layer on an n-InGaAs epilayer. The effective
barrier height is increased by band bending due toc the space charge in the
p+-InGaAs surface layer provided the dopant density and the thickness of the
surface layer are selected to an optimum value and the surface layer is fully
depleted at thermal equilibrium., We consider an abrupt p-n structure with a p-
region width of wp which is considered variable as long as the p-region is not
too large, this region will be totally depleted at thermal equilibrium. It
should be noted that if the p-region becomes sufficiently large, the structure
becomes a p-type Schottky barrier with a p-n junction in series and then the p-
region is approximately neutral.

Let W, be the width over the depletion region which extends into the n-
InGaAs epilayer and let x = @ at the metal contact. In the depletion

approximation, the poisson's equations are given by:

L
[N YN
L L
NN

v
b.‘. N
t

Y

N,

\.
M

®
«
a
-

WL
MAMN
s >

e

Vhh T

VXA

4 “ .“ D'. ’

[ALs

s ]
)
Y

X,

49 e
L a. 1
L LS A2l
PARNLSASS

P

Ly e

o




ag/ax?

aQN, /€€, for @ < x < Wy

a%p/dx? = ~qNy/e €, for W, < x < W, + W

The boundary conditions are given by:

[}
<

§(0) = @ and B(W, + Wy) = &, - ¥,

8(x) and dp(x)/dx are continuous at x = W

ag(x)/dx q(NDwn - NAwp)/eoer at x =0 and

]
[\

ap(x)/dx at x = W, + W

The solutions for &(x) are given by:

B(x) = (aNy/€,6,)[(1/2)x~xW,] + (QNp/€,€6,)xW, for B <x< W
8(x) = - (aNp/e,e, ) [(1/2)xP~x(W+p)]
- a(NypW2/2ee,  for W, < x < W

The width of the n region follows from the boundary condition
- -V = 2 - 2
- 8, - V qND(Wp+wn) /2€,€, - q(N, + ND)wp /2e €,

If NpW, < NW

region., The potential energy will be QQBn at x = P and reach a maximum value at

x = xp, which can be obtained from the condition:
dy(x)/dx = @ at x = xp,
which gives
Xy = (l/NA)(NAwp - NpW,) and Ep = (q/eoer)(NAwp = NpWp,)
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(D.7)

Eg.(D.4).

(D.8)

p’ the potential energy maximum is located inside the p+

(D.9)

(D.12)
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The enhancement of the barrier height for a metal-p-n quasi-Schottky barrier

diode, 4gp, due to the p surface layer is obtained by substituting xn into

Eq.(D.6).

4%n

(9/2€,8,N, ) (N, = N )2 (D.11) N

QN x2/26 €, : (D.12)

-

e
AN

The effective barrier height §'p, occurs at x = x and is given by

--‘.p..
v
Y
L

l‘
Pe

L ]
/2,

+ S

'n = $an * EnXn - WNaXp /26,6, (D.13)
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For Ny >> Np and NpW, >> NpW, EQq.(D.13) will be simplified

p

! .“-.;.'.‘. Y
»
o

Q'Bn = &g *+ qNAwpz/ 2€,€, (B.14) N

It can be shown that Eq.(D-14) holds only for 83, >> VpNp/N,. Note that Np

and Ny denote the dopant density of the p+- and n-InGaAs layer, respectively.

wp is the thickness of the p+-layer, and Vp is the built-in potential of the pt- :_'»_:
n junction. The thickness and dopant density of the InGaAs layers are E\f;;‘_:
determined subject to the condition given above. The effective barrier height '_:'t?:":
will increase as the product NAwp increases. The barrier height for such a .»"R“:

photodetector can be tailored to its optimum value via properly selected

thickness and dopant density of the surface layer. The depletion layer width in

the n-epilayer can be calculated from Eq.(D.8) and is given by:

Wy = =W+ [ W2+ (/N W2 + 2.0 (8 - 8, - VI/a, 12 (D.15)

8, = Xg + (KT/Q)1n(N./Np) (D.16) oA

The effective barrier height §'Bn of a Schottky barrier diode can be
calculated from the following expression:

117 7 ':‘\

4‘-*:.‘_-_-.,~ -

) SR




e . W

T W I T . - -

-

Q'BnI'V = (kT/q)ln(A*Tz/Js) (D.17)
Q'Bnc'v = Vp + (KT/q)1n(Ny/N, ) (D.18)
8'5n T = ~kTin(3/a"T?) (D.19)
2'5, 1 = hv - k1(3/a"1?) (D.20) N

>y 7.

where a" (= 41Lqm*k2/h3) is effective Richardson constant for thermionic-~

5
\]

i

emission, neglecting the effects of optical phonon scattering, quantum
mechanical reflection, and tunneling of carriers at the metal-semiconductor
interface and Jg is the reverse saturation current density.
APPENDIX E. Schottky Barrier and Olmic Contact Formation
1. The starting material is p-Ing g3Gap 47As or n-Ing g53Gag 47As material
grown on InP substrate. Clean and degrease wafer with TCE, aceton,
methanol, and D.I. water followed by blowing dry with N..
2. Deposit metal by e-beam evaporation at a pressure of less than 1976 Torr.
The Au-Ge or Au-Ge/Ni alloy can be used for ohmic contact to n-type III-V

compound semiconductors. The Au-Ge ohmic contact is usually formed by

A e

s
"y
a

evaporating a eutectic composition of Au-Ge (88-12 %) alloy (1500 K)

.
PR A
s By
I./,
.
Pl
i'.

"
/5,
15{ .

followed by a thin layer of Ni (400 ®). For p-type ohmic contact, a Au-Mg

b
‘I
"
LY

or Au~-Zn (90-10 %) alloy (1500 R) corresponding to the stoichiometric
composition of AujZn can be used. The adhesion to InP with Au-Zn alloy is
much better than with Zn and Au sequentially deposited. For Au-Zn alloy,
it is better to evaporate micro-foil Cr (50 R) first for good adhesion, and
then evaporate Au-zn (1502 R) and Au (500 R) sequentially.

3. Alloy the contact in Hy-N, forming gas ambient at 450°C for 2 min (p-type)

and 42¢°C for 2 min (n-type). For heat-treatment above the Au-Ge eutectic

temperature (Tp, = 360°Cc), ohmic contact behavior is observed and uniform
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alloyed contact surface is formed due to the presence of Ni at the t';\::
LAY
RN
semiconductor interface. The most commonly used method of heat treatment of
LY N )
metal-semiconductor systems is alloying furnace in Hy=N, forming gas. Note -._‘:\"}f.
_:z__.:_:.r
that during the process of contact alloying the dopant diffuses into the YA
\’%
9 3%
semiconductor and produces a modified region of high doping concentration ad
at the metal-semiconductor interface resulting in low resistance contact SADIR
formation. V-Z:-‘
4. Clean and degrease wafer with TCE, aceton, methanol, and D.I. water .‘
followed by blowing dry with N,. ;',\j;.:,'-.'
et
SRS
5. Prebake wafer at 150°C for 20 min, cool it down for 1 min, and spin on RS
IR
A
positive photoresist (Shipley A2-147@) at 4,500 rpm for 40 sec. The wafers j:s:,_‘,,_
should always be blown dry with N, just before spinning on the photoresist ?\.}5&
Sy
LN
to remove any dust particles that may be on the surface. After spinning, :f{:"::

r
[

_:.
Y
RN

any excess photoresist on the back of the wafer must be cleaned off with

a stopper.

6. Softbake wafer at 95°C for 15 min, align, and expose with UV light for 15- :\E
20 sec to a contact mask. Then develop with a Shipley developer (MF ,:EE:\-:S
351:D.I. water = 1:5) for 40 sec. :w::

7. Perform sputter-etching or chemical etching before metal deposition. ::}:E:
Chemical etching can be done by dipping the InGaAs wafer in etch g}:%:
(NH4OH:H0,:H,0 = 20:7:975) and stop solution (NH4OH:H,0 = 10:150) or BHF ": -

(HF:H20 = 1:5) solution for 30 sec to remove native oxides from surface of

’
-
‘e ‘e 'y

the contact area. The surface should be prepared with the minimum amount
of oxide and contamination to leave it smooth and stoichiometric.

8. Deposit a Schottky metal (e.g., Al, Au, or Ti) by e-beam evaporation at a
pressure of less than 1076 Torr and anneal wafer at 32¢°C in a N, forming

gas ambient for 2-15 min.
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APPENDIX F. Lift-Off Photolithography

Clean and degrease wafer with TCE, aceton, methanol, and D.I. water
followed by blowing dry with N,.
Prebake wafer at 158°C for 20 min, cool it down for 1 min, and spin on a
positive photoresist (Shipley AZ-1470) at 4,500 rpm for 42 sec. Softbake
wafer at 95°C for 15 min, align, and expose with UV light to a contact mask
for 15-20 sec. Then develop with a Shipley developer (MF-351:D.I. water =
1:5) for a positive photoresist. After developing the pattern a hardbake
is not necessary for the lift-off process.
Spin on a positive photoresist before metalization, pattern such that the
areas in which metal is desired are not covered with photoresist, and
deposit Schottky metal by e-beam evaporation.
Strip the photoresist in acetone, which does not attack the metal film,
with ultrasonic agitation. Then the unwanted metal comes off with the
photoresist having the metal contact in the desired area. The success of
the lift-off technique requires the use of a relatively thick photoresist
film so that the deposited metal film is very thin or even discontinuous at
the sides of the step

APPENDIX G. Chemical Etch
Etch
For Ing 53Gag 497As material, the mesa etch solution (1)
H,S04:H,0,:H,0=3:1:1 with etch rate 1.0 um/12 sec at T = 300°K for InGaAs
(2) 10 -1.5 % Bromine-Methanol (Br-CHOH) etch (3) H3PO,4:H50,:H,0=1:1:8
For InP, HCl can be used for mesa etch with etch rate 19 um/min.
After etching rinse in H,0 for at least 15 sec to remove any residual etch.
Etch

Dip into KI:I,:H,0=4:1:4 at 4@°c.
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Rinse with D.I. water for 5 minutes.

Chromium Etch

1. Dip into potassiumferricyanide=1:3 with D.I. water at 42°C.

2.

Rinse with D.I. water for 5 minutes.

Note: Chromium etch contains cyanide and should not be mixed with acids.

1.

3.

5.

6.

APPENDIX H. Surface Passivation
The surface passivation can be obtained using Dupont PI 2555 (semiconductor
grade) polyimide diluted 1:1 with N-Methylpyrrolidone (NMP) solvent.
Prebake wafer at 200°C for 32 min in N, forming gas and immediately spin on
the polyimide at 3,000 rpm for 30 sec.
Prebake wafer at 120°C for 30 min, cool it down for 1 min, and spin on
positive Photoresist (e.g., Shipley Az-1415 or 3000) at 4,500 rpm for 30
sec to pattern the polyimide.
Softbake wafer at 95°C for 15 min, align, and expose for 25 sec. Polyimide
is soluble in alkaline solution such as positive photoresist developer, and
thus the polyimide can be patterned at the same time the photoresist is
developed.
Plasma etch the wafer in an O, plasma for 1 min using an RF power of 200 W
before the photoresist is removed. This removes organic residue and
produces a sharper profile in the polyimide.
After plasma etching strip the photoresist using Acetone and cure the

polyimide at 250°C for 1 hour.

.{l » .{'
ks s
AN S
o el el ol
LA A A

s @)
AL L
AP

”_»

LR

4%

{..I'/
.,
’

‘.
v .
>
.

N
.

."

P
L 4 'l’.l.
PPN
L)
1. f‘__

I;z

2
l.l

v,

"f‘ r'l
F A

.\&
s

“
4 ') ‘I

BT SN N
o

{"f'

.

..-_'\'\':.;.’\.‘
‘ a_8 _€ s _ s
ER AR
i&ﬂﬂﬂﬂ -
.
v WL
AR




..............................

L~

5
¢
3

MISSION
of
Rome Air Development Center

RADC plans and executes research, development, test
and selected acquisition programs 4in support of
Command, Control, Communications and Intelligence
(C31) activities. Technical and engineening
support within anrneas of competence L4 provided to
ESD Program Offices [POs) and othen ESD elements

to penform effective acquisition of C31 systems.
The anreas of technical competence 4Lnclude
communications, command and control, battle
management, 4Anformation processing, survedllance
sensons, intelligence data collection and handling,
sofid state scdiences, electromagnetics, and
propagation, and electronic, madintainability,

and compatibility.
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